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Lay Abstract 

Yeast species have been an integral part of human civilization for centuries, with 

earliest evidence of yeast-fermented beverages dating back to 7000 B.C. Soil is a 

primary yeast habitat where yeasts with diverse profiles, including those infectious to 

humans, reside. Cryptococcus deneoformans is a soil yeast that infects people via the 

respiratory tract to cause serious systemic infections, resulting in 181,000 deaths 

worldwide every year. C. deneoformans’s ability to produce melanin pigments is a 

crucial factor in its success as an infectious agent. My thesis investigated global 

patterns in soil yeast diversity, with a focus on the genetic factors that regulate 

melanin synthesis in C. deneoformans. I explored the potential impacts of 

anthropogenic activities on soil yeast communities, as exemplified by the ongoing 

hybridization between C. deneoformans and its sister species, which were previously 

geographically isolated. Findings of my thesis advance our knowledge on yeast 

biology, infections, and genetics research.  
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Abstract 

Yeasts, broadly defined as unicellular fungi, have a disproportionate impact on human 

health and economy despite comprising less than 1% of the fungal kingdom. Soil is a 

primary yeast habitat where they play essential roles in decomposition, nutrient 

cycling and as food sources for other soil dwellers. Cryptococcus deneoformans is a 

basidiomycetous yeast commonly found in soil in association with pigeon droppings. 

As an opportunistic pathogen of humans, it contributes to 181,000 deaths caused by 

cryptococcosis and fungal meningitis worldwide every year. Significant intraspecific 

variation in melanin synthesis, an essential virulence factor of C. deneoformans, is 

observed in natural populations, with its genetic basis remaining largely unknown. My 

thesis investigated global patterns in soil yeast diversity where we identified mean 

annual precipitation and international human travel as two, strong predictors of soil 

yeast diversity worldwide. We discovered a novel C. deneoformans population in 

Saudi Arabian desert soils, likely a recent introduction to the region facilitated by 

anthropogenic activities. Using bulk segregant analysis and gene expression assays, 

we identified six, novel candidate genes that potentially contribute to intraspecific 

melanin variance in C. deneoformans. Finally, we investigated genome-wide allele 

distribution patterns in hybrid strains derived from mating between C. deneoformans 

and its sister species, C. neoformans. Significantly skewed allele distributions we 

detected in hybrid genomes highlight the genomic incompatibilities between the two 

species and support their classification into two, distinct species which has been a 

topic of much debate. Overall, my PhD thesis makes several contributions to our 

understanding of soil yeast communities, genetics of virulence factors in C. 

deneoformans, and outcomes of hybridization between fungal lineages.     
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Chapter 1 

 

Introduction 

 

1.1 Yeasts of the Fungal Kingdom 

The kingdom of fungi comprises multicellular eukaryotic organisms such as 

mushrooms and molds, along with unicellular eukaryotic organisms, broadly defined 

as yeasts. Given the estimated 1.5 to 5 million fungal species currently in existence, 

yeast species, estimated to be approximately 1500 in number, make up less than 1% of 

the fungal kingdom (Blackwell 2011; Kurtzman, Fell, and Boekhout 2011; Wu et al. 

2019). As some of the earliest domesticated organisms in human history, yeasts have 

maintained a close association with human health, food, and economy over the 

centuries. Saccharomyces cerevisiae, best known as brewer’s and baker’s yeast, is 

used worldwide in alcohol fermentation and baking, with the earliest evidence of 

fermented beverages dating back to Neolithic times in China (McGovern et al. 2004). 

A small number of yeast species are opportunistic human pathogens capable of 

causing skin infections, vaginal infections, and more serious systemic infections such 

as fungal meningitis. Nearly a billion people are afflicted with a fungal infection with 

a considerable proportion caused by pathogenic yeast species (Bongomin et al. 2017). 

Approximately 70% of females worldwide suffer from at least one vaginal yeast 

infection, caused by Candida species, in their lifetime (Sobel et al. 1998).   

Despite the relatively small number, yeast species exhibit significant diversity in 

morphology, ecology, and lifecycle, and are found in both major phyla of the fungal 

kingdom, namely Ascomycota and Basidiomycota (Figure 1). Yeasts were first 

observed microscopically in 1680 by Anton van Leeuwenhoek but they were not 

recognized as fungi until 1837 (Barnett 2004). Historically, yeasts were classified into 

taxonomic groups based on morphology and physiology, but DNA sequencing has 

now become the norm for establishing species identity and taxonomic classification. 
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In 2012, the intergenic transcribed spacer (ITS) region of the small subunit nuclear 

ribosomal RNA gene cluster was formally recommended as the primary fungal 

barcode to be used in species classification (Schoch et al. 2012). It is now common 

practice for yeast strains isolated from clinical and environmental sources to be 

sequenced at the ITS locus to establish species identity. Large-scale metagenomics 

investigations often use the ITS region as the barcode for characterizing fungal 

sequences. D1/D2 domain of the large subunit (LSU) ribosomal nuclear DNA is also 

sometimes used as a secondary fungal barcode in species characterization, especially 

in yeasts (Xu 2016). While both ITS and LSU barcodes are important for 

characterizing species of the fungal kingdom, sequences of neither loci can be used as 

the only criteria for the morphological distinction between yeasts and filamentous 

fungi. Since yeasts do not form a monophyletic group within the fungal kingdom, 

barcode sequences do not have any yeast-specific sequence motifs that can be used to 

select for yeast sequences. Researchers rely on annotated yeast sequences deposited in 

public databases such as NCBI and UNITE to identify novel sequences as yeasts. 

 

Figure 1: Phylogenetic tree of the fungal kingdom.  Yeasts are found in both Basidiomycota (II) 

Ascomycota (III), making them taxonomically diverse as a group. Adapted from Fig 1 in Choi and Kim 

(2017). 
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1.2 Global distribution of soil yeasts 

While scientists’ interest in yeasts dates back to at least the 17th century, soil was not 

determined to be a primary yeast habitat until the 1950s (reviewed in Yurkov 2018). 

Due to their extensive use in fruit fermentation, yeasts were often associated with 

orchards, plants and rotting fruits with any yeast cells found in soil being considered 

transient. Pioneering studies starting in 1920s onwards that isolated and quantified 

yeasts from a variety of soils finally determined yeasts to be true soil-dwellers where 

they lived and reproduced. While yeasts rarely exceed thousands of cells per gram of 

soil, they form an integral part of soil ecosystems as decomposers of organic material 

and nutrient sources for other soil-inhabiting protists, bacteria, and nematodes (Botha 

2011; Yurkov 2018). In fact, yeasts may be the predominant type of soil fungi in cold 

biospheres such as continental Antarctica (Connell et al. 2008; Vishniac 1996).  

Soil is a primary reservoir of common pathogenic yeasts: humans can get infected via 

inhalation of desiccated cells or spores originating from contaminated soils 

(Kurtzman, Fell, and Boekhout 2011). The majority of yeast infections are caused by 

species of the Candida genus (Bongomin et al. 2017). Most pathogenic Candida 

species, with the exception of C. albicans which is a natural component of the human 

gut and oral microflora, are commonly found in soil with a global distribution (Papon 

et al. 2013). The non-albicans species, notably C. tropicalis and C. glabrata, are 

considered emerging pathogens due to their expanding distributions and antifungal 

resistance (Opulente et al. 2019; Yang et al. 2012). Soil is also a primary habitat of 

pathogenic Cryptococcus species, responsible for ~220 000 infections worldwide with 

80% mortality. The causative agents, C. neoformans, C. deneformans, and C. gattii 

have been isolated from soil in all continents except Antarctica (Cogliati 2013). 

Recently, the environmental reservoir of the multi-drug resistant superbug Candida 

auris, responsible for hospital outbreaks in over 33 countries within the past decade, 

was discovered to be sediment soil and seawater in tropical coastal environments 

(Arora et al. 2021; Jeffery-Smith et al. 2018).  

Soil yeast populations often differ in structure and composition between locations. 

Findings of many studies that investigated soil yeast diversity over the last few 

decades reveal that, apart from a few widespread genera such as Cyberlindnera, 
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Schwanniomyces, Naganishia, Goffeauzyma and Solicоccozyma (Botha, 2011), most 

species have a fragmented geographical distribution with few shared species between 

locations. One study found that only eight of the 57 species found in soils of 

Mediterranean xerophyl forests were shared between the three sampling plots in the 

same locality (Yurkov et al., 2016a). Another study found only a single species to be 

present in all three sampled temperate forests in Germany (Yurkov et al., 2012). While 

these results highlight the need for continued and expanded environmental 

surveillance to characterize soil yeasts and identify novel species, current sampling 

efforts are mostly concentrated in the developed world with a distinct lack of 

environmental sampling in some Asian and African regions. Furthermore, most 

environmental surveys reported in the literature are geographically constrained, with 

sampling often limited to one type of soil within a single locality, region, or country 

(Into et al. 2020; A. H. Li et al. 2020; Monteiro Moreira and Martins do Vale 2020; 

Tepeeva, Glushakova, and Kachalkin 2018).  

Inadequate sampling, combined with a lack of large-scale yeast-focused studies, has 

left a significant portion of the global soil yeast diversity untapped. In 2014, Tedersoo 

and colleagues used metagenomics to conduct a global investigation of soil fungal 

diversity encompassing 39 countries, including several under-sampled regions in 

Asian and African continents (Tedersoo et al. 2014). In this culture-independent study, 

they performed high-throughput sequencing of the ITS region on DNA directly 

extracted from soil samples to characterize soil fungal communities of sampled 

locations. Their analyses identified mean annual precipitation and distance from 

equator as the two most significant predictors of soil fungal diversity worldwide. In 

2019, Egidi and colleagues also relied on culture-independent, high-throughput 

sequencing of the ITS region to characterize soil fungal communities in 235 soil 

samples collected from 18 countries across the globe (Egidi et al. 2019). Consistent 

with the previous study, their findings implicated vegetation and climatic factors as 

the most deterministic of soil fungal community dynamics. While both studies 

revealed global patterns and predictors of soil fungal diversity overall, neither focused 

on yeasts as a group of interest, leading to limited insights on global soil yeast 

distributions. Given the genetic and phylogenetic diversity among yeast species, 
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culture-dependent methods are more suitable for isolating yeasts from soil and 

characterizing soil yeast communities.  

1.3 Human pathogenic yeast Cryptococcus deneoformans  

Cryptococcus deneoformans is a basidiomycetous, encapsulated yeast commonly 

found in soil as well as in association with pigeon excreta and tree barks. Along with 

the sister species C. neoformans, it is the causative agent of cryptococcosis, a term 

given for a range of opportunistic infections that include skin infections, respiratory 

infections, and fungal meningitis (Charlier et al. 2009; Goldman, Lee, and Casadevall 

1994; Husain, Wagener, and Singh 2001) . 220 000 global cases of cryptococcosis are 

reported every year with 180 000 resulting in death (Rajasingham et al. 2017). The 

genomes of the two sister species show 85-90% sequence similarity with the two 

species believed to have diverged from the last common ancestor 20 million years ago 

(Kavanaugh, Fraser, and Dietrich 2006; O’Hanlon et al. 2018). The first scientific 

record of C. deneoformans dates back to 1894 when Otto Busse and Abraham Busch 

isolated a ‘Saccharomyces-like’ organism from a patient’s bone infection (Freij and 

Freij 2015). In 1901, Jean-Paul Vuillemin noticed this yeast to lack some of the 

defining characteristics of the Saccharomyces genus, specifically the lack of ascospore 

production, and thus officially renamed it Cryptococcus neoformans (Srikanta, 

Santiago-Tirado, and Doering 2014). In the 1950s, a series of studies showed that C. 

neoformans strains can be categorized into four distinct serotypes (A, B, C and D) 

based on unique antigenic and morphological properties (Evans 1950; Wilson, 

Bennett, and Bailey 1968). Serotype D was eventually elevated to variety status and 

named Cryptococcus neoformans var. neoformans, until in 2015, it was recognized as 

a distinct species named Cryptococcus deneoformans (Hagen et al. 2015; Kwon-

Chung and Varma 2006). 

C. deneoformans is commonly isolated from environmental and clinical sources in 

temperate climates, most notably in Europe where it is responsible for over 30% of all 

reported cryptococcal infections (Bovers, Hagen, & Boekhout, 2008; Kwon-Chung & 

Bennett, 1984a). The infectious agent of C. deneoformans is thought to be the 

basidiospores which germinate and establish infections in the lungs upon inhalation 

(Velagapudi et al. 2009). The yeast cells can then potentially enter the bloodstream 
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and disseminate throughout the rest of the body: if it crosses the blood-brain barrier of 

the central nervous system, meningoencephalitis can arise (Chang et al. 2004). C. 

deneoformans has three essential virulence factors, namely thermotolerance (i.e., 

ability to grow at >37C), production of a protective polysaccharide capsule around 

the cell, and the production of melanin pigments. All three play crucial roles in 

counteracting antimicrobial activities of the host’s immune system (Kozel 1995). 

These ‘dual-role’ phenotypes confer resistance to common environmental stressors 

such as heat, UV light and oxygen/nitrogen radicals in its natural habitat while also 

facilitating the transition of C. deneoformans into an opportunistic pathogen upon 

entering vulnerable hosts (Casadevall, Steenbergen, and Nosanchuk 2003). 

Given the beneficial role of melanin pigments in both environmental and clinical 

settings, it is interesting to observe significant intraspecific variation in pigmentation 

among C. deneoformans strains in natural populations (Figure 2). C. deneoformans 

oxidizes exogenous ortho-phenolic compounds such as L-dopamine (L-DOPA) to 

produce DOPA-melanin, a type of eumelanin closely related to melanin pigments 

found in human skin (Williamson, Wakamatsu, and Ito 1998). Melanin biosynthesis in 

C. deneoformans is catalyzed by a laccase enzyme: two laccase genes, LAC1 and 

LAC2, are found in tandem on chromosome 7. LAC1 enzyme is the primary catalyzer 

with mutations in LAC2 gene only causing slight delays in melanin formation 

(Pukkila-Worley et al., 2005b).  The basal transcript level of LAC2 was also found to 

be significantly lower than that of LAC1 (Pukkila-Worley et al., 2005b). Previous 

work from our group showed that nucleotide variations in LAC1 are significantly 

correlated with melanin variance among clinical and environmental strains of C. 

deneoformans (Samarasinghe et al. 2018; Vogan et al. 2016). A recent quantitative 

trait locus (QTL) analysis identified RIC8, which encodes a regulator of cAMP-PKA 

signaling, as another contributor to melanin variance (Roth et al. 2021). While not 

directly involved in the catalysis of melanin synthesis, many genes have been 

implicated in the direct regulation of LAC1 and thus melanin production in C. 

deneoformans. For an example, four transcription factors, Bzp4, Usv101, Mbs1, and 

Hob1, are required for the induction of LAC1 expression (Lee et al. 2019). Whether 
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polymorphisms at these genetic loci contribute to melanin variance observed among 

natural strains remains to be investigated. 

 

 

Figure 2: Variation in melanin production observed among natural strains of C. deneoformans. 

Melanin production of 54 global strains was quantified in eight different environmental conditions. 

From left to right, these are 30C (optimum growth temperature for C. deneoformans), 37C (thermal 

stress), low, intermediate and high oxidative stress, and low, intermediate and high nitrosative stress. In 

most conditions, the strains showed significant variation in melanin production. Figure adapted from 

Figure 1 in Samarasinghe et al. (2018). 

1.4 Hybrids of Cryptococcus deneoformans and Cryptococcus neoformans  

The closely related, haploid sister species, C. neoformans (serotype A) and C. 

deneoformans (serotype D) are known to hybridize in nature, giving rise to 

diploid/aneuploid, hybrid offspring commonly referred to as AD hybrids 

(Samarasinghe and Xu 2018). The first report of AD hybrids came in 1977 where an 

epidemiological survey from the United States found 11 of the 272 tested cryptococcal 

isolates to consistently react with both A and D antisera and were therefore typed as 

AD hybrids (Bennett et al., 1977). Interestingly, a strain isolated from peach juice in 

1894, originally thought to be C. deneoformans, was recently determined to be an AD 

hybrid (Boekhout et al., 2001; Sanfelice, 1894; Viviani et al., 1997). AD hybrids are 

becoming increasing prevalent in clinical settings, especially in Mediterranean Europe 

where up to 40% of cryptococcal infections are now caused by hybrid strains (Cogliati 

et al. 2001). Recent global dispersal of C. neoformans and C. deneoformans, which 

were previously geographically isolated to tropical and temperate climates 
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respectively, is likely contributing to the ongoing hybridization between the two 

species (Xu, Vilgalys, and Mitchell 2000).  

Hybrid spores generated in the lab via mating between C. neoformans and C. 

deneoformans strains have low viability with approximately 5% successfully 

germinating to yield AD hybrid strains (Lengeler, Cox, and Heitman 2001). Spores 

that do germinate often contain an abnormal number of chromosomes, indicating 

impaired meiosis and nondisjunction of parental chromosomes during sexual 

sporulation (Lengeler, Cox, and Heitman 2001; Litvintseva et al. 2007; Sun and Xu 

2007; Tanaka, Nishimura, and Miyaji 1999). Hybrid genomes are highly plastic with 

loss of heterozygosity (LOH) frequently observed during vegetative growth via 

chromosomal loss and/or mitotic gene conversion (Hu et al. 2008; W. Li et al. 2012). 

Both lab-derived and natural AD hybrids show remarkable phenotypic diversity in 

both virulence and virulence-associated phenotypes. While some AD hybrids are 

similar in virulence to their more virulent parent, others show significant hybrid 

vigour and surpass both parents in virulence (Aminnejad et al. 2016; M. Cogliati et al. 

2011; Vogan et al. 2016). A few studies found AD hybrids to exceed both parents in 

their resistance to UV irradiation and the antifungal drug FK506 (Chaturvedi et al. 

2002; M. Li et al. 2012; W. Li et al. 2012; Lin et al. 2007; Litvintseva et al. 2007). 

Another study found extreme phenotypes, both positive (i.e. significantly superior to 

both parents) and negative (i.e. significantly inferior to both parents), among lab-

derived AD hybrids in the expression of virulence factors including capsule 

production, growth at 37°C and melanin production (Vogan et al. 2016).  

AD hybrids’ remarkable phenotypic diversity is likely a product of their dynamic and 

unique genetic make-up. AD hybrids can be an ideal model system for studying 

outcomes of hybridization among fungal lineages. Patterns of parental allele 

distribution across AD hybrid genomes can reveal the nature of interactions that could 

occur when two independently evolving, closely related genomes are brought into 

contact through human interference.   
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1.5 Objectives 

Yeast species have been closely linked to many aspects of human health and 

wellbeing for centuries. My PhD thesis aimed to expand our current knowledge of 

global diversity and distribution patterns of culturable soil yeasts, and the genetics of 

intraspecific melanin variance and hybridization in the human pathogenic soil yeast, 

C. deneoformans. My thesis had six main objectives which are described in detail 

through chapters two to seven. In chapter 2, I investigated the global distribution of 

soil yeasts by characterizing 1473 yeast strains isolated from soils of nine countries in 

six continents. In chapter 3, I investigated the population structure and molecular 

epidemiology of a novel C. deneoformans population we discovered in desert soils of 

Saudi Arabia. In chapter 4, I conducted a bulk segregant analysis using Illumina 

whole genome sequencing data to identify genetic loci contributing to variation in 

melanin pigmentation among C. deneoformans strains. In chapter 5, I identified AD 

hybrids as a model system for studying hybridization between fungal lineages by 

synthesizing the literature on genetics and virulence of cryptococcal hybrids. In 

chapter 6, I summarized the current state of knowledge on cryptococcal hybrids and 

made recommendations for future research. In chapter 7, I investigated patterns of 

parental allele distribution in a lab-derived AD hybrid population to determine the 

interactions of the two parents’ chromosomes within hybrid genomes.  
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Chapter 2 

 

Global Patterns in Culturable Soil Yeast Diversity 

 

2.1 Preface 

Soil was not discovered to be a primary habitat and reservoir of yeasts until the 1950s. 

Since then, significant strides have been made in characterizing functions, metabolic 

profiles, and interactions of soil yeast communities. Lack of environmental sampling, 

especially in Asian and African regions, has led to global soil yeast diversity being 

significantly underestimated. Most previous studies investigating soil yeasts were 

geographically constrained, with sampling limited to a single country, region, or city. 

Here, we used thousands of soil samples to characterize the culturable soil yeast 

diversity in nine countries across six continents. Our study found global yeast 

diversity to be significantly correlated with climatic factors as well as anthropogenic 

travel.  

This study is now published in iScience volume 24, issue 10, article number 103098. I 

am the primary contributor of this work. I conducted the majority of the experiments, 

as well as the analyses and drafting of the manuscript. Co-authors of this article are Yi 

Lu, Renad Aljohani, Ahmad Al-Amad, Heather Yoell and Jianping Xu. 
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2.2 Abstract 

Yeasts, broadly defined as unicellular fungi, fulfill essential roles in soil ecosystems as 

decomposers and nutrition sources for fellow soil-dwellers. Broad-scale investigations 

of soil yeasts pose a methodological challenge as metagenomics are of limited use for 

identifying this group of fungi. Here we characterize global soil yeast diversity using 

fungal DNA barcoding on 1473 yeasts cultured from 3826 soil samples obtained from 

nine countries in six continents. We identify mean annual precipitation and 

international air travel as two significant correlates with soil yeast community 

structure and composition worldwide. Evidence for anthropogenic influences on soil 

yeast communities, directly via travel and indirectly via altered rainfall patterns 

resulting from climate change, is concerning as we found common infectious yeasts 

frequently distributed in soil in several countries. Our discovery of 41 putative novel 

species highlights the continued need for culture-based studies to advance our 

knowledge of environmental yeast diversity. 

2.3 Introduction 

Soil is host to an incredible amount of microbial life, with each gram containing over 

10 billion cells of bacteria, archaea and fungi (Roesch et al., 2007). Despite their 

relatively low abundance, soil fungi fulfill essential roles in decomposition of organic 

material, nutrient cycling and soil fertilization (Frac et al., 2018). This is especially 

true for yeasts, broadly defined as unicellular fungi, whose numbers rarely exceed 

thousands of cells per gram of soil. Yet, yeasts in soil ecosystems are essential 

decomposers and nutrient sources for fellow soil-dwelling protists, bacteria, insects, 

and nematodes (Botha, 2011; Yurkov, 2018). In fact, yeasts may be the predominant 

soil fungi in cold biospheres such as continental Antarctica (Connell et al., 2008; 

Vishniac, 1996). Soil is also a primary reservoir for some Candida and Cryptococcus 

species that are opportunistic pathogens of humans (Kurtzman et al., 2011).   

It is becoming increasingly apparent that the true extent of global soil yeast diversity 

is significantly underestimated. While yeast cells were first observed under the 

microscope in 1680 by Anton Van Leeuwenhoek, their natural habitats were a topic of 

contention among mycologists who often associated yeasts with fruit trees and 
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fermentation. It was not until the 1950s that soil was established as a true natural 

habitat of yeasts where they live and reproduce. The culturing media, incubation 

temperatures and techniques used in pioneering studies were expanded in later 

projects to isolate soil yeasts of diverse metabolic and functional profiles (reviewed in 

Yurkov, 2018). Currently, the diverse array of yeasts recovered and characterized 

from soils across the globe contribute to the ~1500 recognized yeast species on the 

planet (Kurtzman et al., 2011; Naranjo-Ortiz and Gabaldón, 2019). The yeast 

discovery rate has accelerated since the turn of this century, with almost 50% of the 

known yeast species described since 2011 (Wu et al., 2019; Yurkov, 2018; Naranjo-

Ortiz and Gabaldón, 2019). Environmental surveys routinely uncover novel yeast 

species, accounting for as much as 30% of yeast populations, highlighting the need to 

revise current estimates of global yeast diversity (Groenewald et al., 2018; Yurkov et 

al., 2016b, 2016a).  

Lack of adequate environmental sampling, especially in Asia, Africa, South America 

and Central America, limits the discovery of novel yeast species, characterization of 

soil yeast communities, and prediction of global yeast diversity patterns. Soil yeast 

populations often differ in structure and composition between locations. With the 

exception of a few genera that are widespread in soil such as Cyberlindnera, 

Schwanniomyces, Naganishia, Goffeauzyma and Solicоccozyma (Botha, 2011), most 

yeast species have a fragmented distribution with a few shared species between sites, 

even within the same geographical region. One study found that only eight of the 57 

species found in soils of Mediterranean xerophyl forests were shared between the 

three sampling plots in the same locality (Yurkov et al., 2016a). Another study found 

only a single species to be present in all three sampled temperate forests in Germany 

(Yurkov et al., 2012). So far, most environmental surveys reported in the literature 

have been ecologically/ geographically limited, with sampling often focusing on a 

specific ecological niche within a single locality, region, or country (Into et al., 2020; 

Li et al., 2020; Monteiro Moreira and Martins do Vale, 2020; Tepeeva et al., 2018). 

Factors affecting soil yeast diversity have not been fully elucidated but soil moisture, 

soil pH, carbon content and nitrogen content have been implicated as contributing 

variables (reviewed in Botha, 2011). In 2006, Vishniac analyzed prominent yeast 
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species in soil along a latitudinal gradient and found that variations in mean annual 

temperature, mean annual rainfall and soil electrical conductivity explained ~44% of 

the total variance in yeast species distributions (Vishniac, 2006). As their sampling 

locations were limited to the Americas and Antarctica, it is unknown whether the 

same trends persist on a global scale. One potential contributing factor to yeast species 

and genotype distributions is anthropogenic influences such as international travel. 

International travel has increased exponentially in the last few decades with direct 

implications for the global spread of organisms, most notably infectious disease agents 

and invasive species. The role of global travel in introducing infectious diseases to 

new areas and facilitating epidemics is well documented (Findlater and Bogoch, 

2018), with the current COVID-19 pandemic being a prime example. International 

travel is likely affecting soil yeast communities by transferring previously 

geographically isolated species and genotypes across borders, although a link between 

the two has not been previously investigated.   

Metagenomics is widely applied in the study of environmental microbes to investigate 

taxonomic diversity, characterize functional groups, and elucidate broad scale patterns 

(Abbasian et al., 2016; Abia et al., 2018; Egidi et al., 2019; Li and Qin, 2005). 

However, metagenomics and other culture-independent methods cannot be readily 

applied to the study of yeasts due to the lack of a suitable yeast-specific barcoding 

gene (Xu, 2016). This is mainly because yeasts are phylogenetically diverse and occur 

among filamentous fungi in two major phyla, Ascomycota and Basidiomycota, within 

the fungal kingdom. In a 2014 study that has not been surpassed in scale before or 

since, Tedersoo and colleagues used high throughput sequencing of fungal barcoding 

DNA to assess global soil fungal diversity and identify predictors of global diversity 

patterns (Tedersoo et al., 2014). Due to the lack of a sequence-based signature, yeasts 

were not singled out as a group of interest and thus limited information was presented 

on soil yeast diversity of the 39 countries included in the study. They identified mean 

annual precipitation and distance from equator as the two strongest overall predictors 

of soil fungal diversity on a global scale. It is not clear if and to what extent the same 

predictors apply to yeast diversity in soil.  
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Using a global collection of 3826 soil samples, here we assessed the culturable soil 

yeast diversity in nine countries representing all continents except Antarctica. We 

found soil yeast populations to be unique between countries in structure and 

composition, with 73% of the discovered yeast species found in only one of the 

sampled countries. Similar to that reported by Tedersoo et al. (2014), mean annual 

precipitation was the most significant predictor of culturable soil yeast diversity on a 

global scale. Importantly, we found air traffic volume to be significantly correlated 

with the number of shared species between countries, suggesting a potential link 

between international travel and transfer of yeast species across borders. Our study 

overcomes the geographical constraints of many previous studies by identifying soil 

yeast diversity patterns on a global scale. We also demonstrate that culture-dependent 

methods provide a more comprehensive framework than metagenomics for studying 

phylogenetically diverse, but morphologically targeted groups of organisms such as 

yeasts.  

2.4 Materials and Methods 

Soil collection  

We collected soil from 53 locations in nine countries encompassing all continents 

except Antarctica (Figure 1 and Supplementary Table 1). At each location, we set up 

multiple plots: within each plot, we collected ten samples of topsoil (approximately 1g 

each) between 1-3 inches from the surface, using sterile protocols. Within each plot, 

the ten soil samples were at least 2m from each other. The 10 soil samples from the 

same plot were stored in the same sterile, 3cm x 7cm, resealable polyethylene bag to 

minimize bag usage and maximize soil representation from each plot. Once 

transported to our lab at McMaster University, Canada, we segregated the soil in each 

bag into ten 1g aliquots in 1.5ml Eppendorf tubes and stored at 4°C. Some bags had 

more than 10g of soil and those were separated into additional tubes. In total, this 

study investigated 3826 aliquot soil samples (from 380 bags) collected from the 

following countries: Cameroon (493 from 49 bags), Canada (300 from 30 bags), 

China (340 from 34 bags), Costa Rica (388 from 38 bags), France (327 from 37 bags), 

Iceland (316 from 31 bags), New Zealand (610 from 61 bags), Peru (490 from 49 

bags) and Saudi Arabia (562 from 56 bags). 
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Figure 1: Soil sampling locations. 3826 soil samples were obtained from 53 locations, indicated by 

the red circles, in nine countries. The size of the circle corresponds to the number of samples obtained 

from that location. 

Yeast isolation from soil samples  

Yeasts were isolated at a temperature deemed to be optimal based on the country of 

origin’s mean annual temperature. For each soil sample, approximately 0.1g was 

added into 5ml of YEPD broth (Yeast Extract-Peptone-Dextrose) in 13ml culture 

tubes and incubated in a roller drum for 24 hours. The broth contained the antibiotic 

chloramphenicol (50mg/L) and the selectively toxic fungicide benomyl (5mg/L) to 

inhibit bacterial and mold growth, respectively. For Iceland soil samples, we extended 

this incubation step to 72 hours due to slower yeast growth at 14°C. We then plated 

100ul of the broth onto solid YEPD containing chloramphenicol and benomyl and 

incubated at the same temperature for an additional 2-5 days until microbial growth 

was visible. For each plate that contained morphologically yeast-like colonies, we 

randomly selected a representative colony and streaked it onto fresh YEPD plates to 

obtain single colonies. If more than one morphology was present, one representative 

colony of each type was separately streaked for single colonies. After 2-3 days’ 

incubation, we randomly picked one single colony per yeast isolate and suspended in 

50ul nuclease-free water to be used in Polymerase Chain Reaction (PCR).     
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Yeast identification via ITS sequencing  

We identified the yeasts by sequencing their fungal barcoding gene, the ribosomal 

Internal Transcribed Spacer (ITS) regions. We performed colony PCR using primers 

ITS1 (5’ TCCGTAGGTGAACCTGCGG 3’) and ITS4 (5’ 

TCCTCCGCTTATTGATATGC 3’) to amplify the ITS region. The PCR cocktail 

consisted of 10ul Promega GoTaq Green Mastermix, 5ul nuclease-free water, 2ul each 

of the primers (2uM) and 1ul cell suspension. The thermocycling conditions were an 

initial denaturation step at 95°C for 10 minutes followed by 35 cycles of: (i) 95°C for 

30 seconds, (ii) 55°C for 30 seconds, and (iii) 72°C for 1 minute. We ran 4ul of the 

PCR products on a 1.5% agarose gel to check for successful amplification. The 

remaining PCR products were sequenced using the Sanger method at Eurofins 

Genomics in Louisville, Kentucky (https://eurofinsgenomics.com/en/home/). We 

trimmed the low-quality ends of the ABI chromatograms generated from Sanger 

sequencing and batch converted to FASTA format with DNA Baser’s ABI to FASTA 

converter software (www.DnaBaser.com). We used BLAST+ applications on the 

command line to query the multi-FASTA file against the NCBI nucleotide database to 

detect sequence similarity to existing ITS sequences. The BLAST searches were run 

remotely (-remote flag) to avoid downloading the entire database onto our servers. 

The output was compiled into a CSV (Comma Separated Values) file containing the 

top 10 matches for each query sequence. We inspected the CSV file manually to 

check for quality and for any inconsistencies in species identity within the top ten 

matches. We assigned species identities to our ITS sequences at a sequence similarity 

threshold of 98.41% to existing sequences in databases. This threshold was previously 

determined to be optimum to distinguish yeast species at the ITS locus based on an 

analysis of 9000 fungal sequences (Vu et al., 2016). Sequences with no matches 

surpassing this threshold were considered putative novel species. We performed a 

massBLASTer analysis for the putative novel sequences in the curated UNITE 

database (https://unite.ut.ee/) to identify the genus they are most closely affiliated with 

and the associated species hypothesis (SH) codes (Pante et al., 2015).   

 

 

https://eurofinsgenomics.com/en/home/
file:///C:/Users/Himeshi%20II/AppData/Roaming/Microsoft/Word/www.DnaBaser.com
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Statistical analyses of population diversity 

All statistical analyses were conducted in RStudio v.4.0.2 using a combination of base 

functions and packages including ggmap (Kahle and Wickham, 2013), ggplot2 

(Wickham, 2016), and tidyverse (Wickham et al., 2019). We quantified the diversity 

of yeast populations at our sampling sites by calculating the Shannon diversity index 

using the package Vegan v.2.5-7 (Oksanen et al., 2020). We conducted rarefaction 

analyses using the iNEXT package (Hsieh et al., 2016) to determine if sufficient soil 

sampling was performed in each of the nine countries to accurately estimate their 

culturable soil yeast diversity.  

Relationship between yeast diversity and climate and geographic factors 

Within each country, soil collection sites differed in climatic and environmental 

conditions, with the exception of New Zealand where sampling was limited to the 

metropolitan region of Auckland. We assigned the 53 sampling sites to 47 distinct 

locations based on their geographical coordinates. Using geographical coordinates, we 

calculated mean annual precipitation and mean annual temperature by averaging 

monthly data over a 26-year period from 1991-2016, available on Climate Change 

Knowledge Portal (https://climateknowledgeportal.worldbank.org/). We calculated the 

elevation of the sampling sites and their distance from the equator using Google Maps. 

We calculated the Shannon diversity index of the yeast populations found at the 47 

distinct locations. We constructed mixed models using the package lme4 v.1.1-26 

(Bates et al., 2015) where precipitation, temperature, elevation, and distance to 

equator were set as fixed effects, country was fitted as a random effect and Shannon 

diversity Index was fitted as the dependent variable. 

Air traffic data 

We extracted data on the number of trips occurring between each country-country pair 

over a 5-year period from 2011-2016 from the Global Transnational Mobility Dataset 

(Recchi et al., 2019). This dataset is compiled based on a combination of tourism data 

and distance-adjusted air-traffic data. Next, we calculated the number of yeast species 

shared between each country-country combination. To assess the correlation between 

https://climateknowledgeportal.worldbank.org/
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the number of shared species and the volume of air traffic between countries, a linear 

model was fitted between the two variables.   

Comparison to metagenomics study   

We compared our findings to a previous study that used culture-independent methods 

to investigate global diversity of soil fungi. In 2014, Tedersoo and colleagues 

extracted DNA directly from soil samples of 39 countries and performed high 

throughput sequencing of the ITS2 region using primers ITS3 and ITS4, covering a 

portion of the DNA barcoding fragment we sequenced here (Tedersoo et al., 2014). 

Four countries overlapped between the two studies, namely, Cameroon, Canada, 

China, and New Zealand. We conducted BLAST searches of our ITS sequences 

against the entire metagenomics dataset to identify the potential distributions of our 

cultured yeast species in the larger global soil samples. First, we extracted the ITS2 

region from all of our full ITS sequences using the ITSx software (Bengtsson-Palme 

et al., 2013).  Next, we used the QIIME VSEARCH tool to cluster the ITS2 sequences 

at 98.41% sequence identity into operational taxonomic units (OTU) (Rognes et al., 

2016). Finally, we used the blastn functionality from the BLAST+ toolset to query our 

OTUs against the full OTU dataset from the metagenomics study. The output was 

compiled into a CSV file containing the top 5 matches for each query OTU sequence. 

This CSV file was perused manually to identify significant sequence similarity 

between query and match sequences. 

2.5 Results 

Yeast isolation and species identification  

We isolated a total of 1473 yeasts from 3826 soil samples (Table 1). The yeast 

isolation rate varied among countries, ranging from 17% in Saudi Arabia to 87% in 

Canada. The yeast isolation rate and species distribution data from Cameroon soils 

have been reported in a previous study (Aljohani et al. 2018). Overall, we observed a 

slightly negative correlation between the number of soil samples and the yeast 

isolation rate (p < 0.05), as countries with more soil samples did not necessarily yield 

more yeast isolates. No statistically significant correlation was observed between 

yeast isolation rate and either the length of time between sampling and yeast isolation 
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in the lab, or the physical distance between sampling locations and our lab where the 

soil yeasts were isolated (p > 0.10). 

We successfully assigned species identity to 1367 isolates using the 98.41% sequence 

identity cut-off to homologous ITS sequences in NCBI and UNITE databases. These 

strains were categorized into 90 species belonging to 37 genera, with Candida being 

the most species-rich genus (n=19 species). Six Candida species belonged to clade 

Lodderomyces, two belonged to Pichia clade, while the clades Barnettozyma, Candida 

glaebosa, Cyberlindnera, Kurtzmaniella, Ogataea, Wickerhamomyces/Candida, and 

Yamadazyma were represented by one species each. The four remaining Candida 

species have not been assigned to a clade (Supplementary Table 1). With 60 

ascomycetes and 30 basidiomycetes, both major yeast-containing phyla within the 

fungal kingdom were broadly represented. The 90 species belonged to six Classes, ten 

Orders and 18 Families. However, two genera, Nadsonia and Holtermanniella, do not 

currently have defined Family associations (incertae sedis). The remaining 106 yeast 

strains can be grouped into 44 OTUs at 98.41% nucleotide similarity. They represent 

potentially novel yeast species since no existing sequences with >98.41% sequence 

identity to these OTUs were found in the databases. Genbank accession numbers to 

the ITS sequences of our 1473 isolates are MG817572 to MG817630 and MW894661 

to MW896112 (Supplementary dataset 1).  

Our rarefaction analyses suggested that sufficient soil sampling was conducted in each 

country to accurately estimate the true diversity of culturable soil yeasts at the 

respective sampling sites. Projections for Shannon diversity index beyond the number 

of soil samples included in the study revealed that the diversity of our yeast 

populations approached saturation asymptote (Supplementary Figure 1). Additional 

sampling in these locations was not likely to have revealed higher yeast species 

diversity.  
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Table 1: Summary statistics of yeast isolation from global soil samples  

 

Diversity and abundance of culturable soil yeast populations   

The abundance and diversity of soil yeast populations varied significantly between 

countries. Saudi Arabia ranked lowest among the nine countries in the number of 

unique species, where 562 soil samples yielded 97 yeast isolates belonging to 9 

species, one of which was novel. On the other hand, we obtained 261 yeast isolates 

from 300 Canadian soil samples, encompassing 46 species, 12 of which were novel. 

The number of yeast isolates and distinct species found in the seven remaining 

countries ranged from 95-230 and 11-39 respectively (Table 1). The Shannon 

diversity index of the soil yeast populations ranged from 0.91 (Saudi Arabia) to 3.27 

(Peru). Less diverse populations tended to be dominated by a single yeast species, 

most notably in France, Iceland, and Saudi Arabia where Candida subhashii, 

Goffeauzyma gastrica and Cryptococcus deneoformans predominated the soil yeasts 

respectively (Figure 2).   

 

Country
Soil 

samples

Yeast 

isolates

Known species / 

Novel species

Country-specific 

species

Ascomycete species 

(isolates) / 

Basidiomycete 

species (isolates)

Shannon 

diversity 

index

Cameroon 493 110 10/9 12 18 (106) / 1 (4) 2.17

Canada 300 261 34/12 25 37 (179) / 9 (82) 3.06

China 340 230 23/5 15 15 (100) / 13 (130) 2.54

Costa Rica 388 95 20/2 9 18 (88) / 4 (7) 2.21

France 327 175 12/2 3 11 (172) / 3 (3) 1.26

Iceland 316 211 11/0 4 5 (25) / 6 (186) 1.25

New Zealand 610 155 14/4 5 6 (15) / 10 (137) 2.05

Peru 490 139 30/9 20 28 (113) / 10 (26) 3.27

Saudi Arabia 562 97 8/1 5 3 (3) / 6 (94) 0.91

Total 3826 1473 90/44 98
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Figure 2: Culturable soil yeast populations by country. The X-axis represents the country. Each 

country is represented by a stacked bar plot. Each colour represents a unique species and the height of 

the colored sections indicate the abundance of that species. 

Cameroon 

As shown in the study by Aljohani et al. (2018), all but one of the 19 yeast species 

recovered from Cameroonian soil were ascomycetes. The population was dominated 

by four species: Cyberlindnera subsufficiens (28%), Torulaspora globosa (18%), 

Candida tropicalis (17%) and Cyberlindnera saturnus (12%). Overall, Cameroonian 

soil contained the second highest number of novel species (n=9) after Canada (n=12).   

Canada 

The culturable yeast population in Canadian soil was dominated by ascomycetes (37 

species): the remaining 9 species were basidiomycetes. Nadsonia starkeyi-henricii, a 

little-known yeast that prefers relatively mild temperatures below 25°C, was the most 

abundant (16%) followed by the opportunistic pathogen Papiliotrema laurentii (14%). 

Debaryomyces hansenii (10%), Barnettozyma californica (6%) and Candida sp. 

(NEW) 8 (6%) were also present in significant amounts. Canadian soil contained 25 

yeast species not found in soil samples of the other eight countries, including cold-

adapted yeast Cystofilobasidium ferigula, industrial lactose fermenter Kluyveromyces 

lactis, and close relative of Baker’s yeast, Saccharomyces paradoxus. Canada also had 

the highest number of novel species (n=12) of the nine sampled countries.   
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China 

The Chinese culturable soil yeast population consisted of similar numbers of 

ascomycetes and basidiomycetes (15 and 13 respectively). This population was 

dominated by strains of Solicoccozyma aeria and Solicoccozyma terrea that together 

accounted for 40% of the population. Other yeasts with significant prevalence 

included Debaryomyces hansenii (8%), Barnettozyma californica (8%), Nadsonia 

starkeyi-henricii (8%) and Candida sp. (NEW) 6 (7%). 15 yeast species were only 

found in the Chinese soil which also yielded five novel species.  

Costa Rica  

Candida tropicalis was the dominant species in the culturable soil yeast population of 

Costa Rica with a prevalence of 44%. Frequencies of the remaining 21 species ranged 

from 1%-7%. Ascomycetous species outnumbered basidiomycetes at 18 to four. Costa 

Rica was notable for being the only sampled country to contain strains of the common 

opportunistic pathogens Candida albicans (6%) and Candida orthopsilosis (3%). 

Strains of pathogenic Candida parapsilosis were also present in Costa Rican soil 

(3%).  

France  

The majority of species in the French culturable soil yeast population were 

ascomycetes (n=11) while three species were basidiomycetes. Candida subhashii, an 

opportunistic pathogen first identified in 2009 (Adam et al., 2009), was the dominant 

yeast in this population with an abundance of 62%. C. subhashii was previously 

determined to have strong antagonistic activity against filamentous fungi and has 

potential as a biocontrol agent against plant pathogenic fungi (Hilber-Bodmer et al., 

2017). The widespread opportunistic pathogen Candida tropicalis was the second 

most abundant species (22%), followed by Saccharomyces cerevisiae (5%). One strain 

of Candida parapsilosis was also detected in French soils.  

Iceland 

Of the 11 species isolated from Iceland soil, six were basidiomycetes and five were 

ascomycetes. With an abundance of 65%, Goffeauzyma gastrica was the dominant 
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species in the Iceland culturable soil yeast population. G. gastrica is a cold-tolerant 

yeast commonly isolated from environmental sources in Antarctica and is known for 

its production of antifreeze proteins (Białkowska et al., 2017; Ogaki et al., 2020; 

Villarreal et al., 2018). Goffeauzyma gilvescens, another cold-tolerant yeast commonly 

found in Antarctica, was the second most abundant (14%), followed by Candida sake 

(6%) and Solicoccozyma terricola (6%). Iceland was the only sampled country to not 

yield any novel yeast species. 

New Zealand 

Basidiomycete species (n=10) were slightly more prevalent than ascomycete species 

(n=8) in the New Zealand culturable soil yeast population. Solicoccozyma phenolica 

was the most abundant species with a prevalence of 41%, followed by Solicoccozyma 

aeria (11%), Papiliotrema laurentii (10%) and Solicoccozyma terrea (8%). We 

isolated several species with industrial potential from New Zealand soil including 

Papiliotrema terrestris, shown to produce β-galactosidase that was safe for use in 

food production (Ke et al., 2018), and Citeromyces matritensis, an osmotolerant, 

ethanol-producing yeast shown to be capable of ethanol production from salted algae 

(Okai et al., 2017).   

Peru 

Peru’s culturable soil yeast population, consisting of 39 species, ranked the highest 

among sampled countries in Shannon diversity index. This population was unique in 

structure and composition as it contained 20 species not found in any other sampled 

country, including often misidentified pathogen and crude palm oil assimilator 

Candida palmioleophila (Jensen and Arendrup, 2011; NAKASE et al., 1988), rare 

pathogen Filobasidium magnum (Aboutalebian et al., 2020), and halotolerant yeast 

used in azo dye decolorization Pichia occidentalis (Wang et al., 2020). This 

population contained significantly more ascomycete species (n=29) than 

basidiomycete species (n=10). Peruvian population was notable for its relative 

evenness with no single species exceeding 12% in abundance. Candida tropicalis was 

the most prevalent (12%), followed by Schwanniomyces occidentalis (11%) and 

Papiliotrema laurentii (7%).  
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Saudi Arabia 

Saudi Arabian culturable soil yeast population was the least diverse of all sampled 

countries according to the Shannon diversity index. Overall, the Saudi Arabian soil 

yeast population consisted of six basidiomycete species and three ascomycete species. 

One of the species was novel. This population was notable for the overwhelming 

prevalence of the human pathogenic yeast, Cryptococcus deneoformans (78%), the 

causative agent of fatal fungal meningoencephalitis. The genotypes of Saudi Arabian 

C. deneoformans strains have been reported in an earlier study (Samarasinghe et al., 

2019). This study was the first to report the environmental presence of C. 

deneoformans in a desert climate.  

Pathogenic yeast species 

Based on recent information on yeast trophism (Kurtzman et al., 2011; Opulente et al., 

2019), the following 12 species were the most common opportunistic yeast pathogens 

of humans worldwide: Candida albicans, Candida dubliniensis, Candida glabrata, 

Candida guilliermondii (syn: Meyerozyma guilliermondii), Candida krusei (Pichia 

kudriavzevii), Candida lusitaniae (syn: Clavispora lusitaniae), Candida parapsilosis, 

Candida orthopsilosis, Candida metapsilosis, Candida tropicalis, Cryptococcus 

neoformans and Cryptococcus deneoformans. We found 220 strains belonging to eight 

of these species, accounting for 15% of our global yeast population (Figure 3). C. 

tropicalis was both the most abundant and most widespread with 117 isolates 

originating from Cameroon, Canada, Costa Rica, France and Peru. The 76 C. 

deneoformans isolates were exclusively found in Saudi Arabian soils. Additionally, 

seven C. krusei isolates, six C. albicans isolates, and one C. glabrata isolate were 

found in Costa Rica, five C. parapsilosis isolates were found in Costa Rica, France 

and Saudi arabia, four C. lusitaniae isolates were found in Canada and France, and 

four C. orthopsilosis isolates were found in Cameroon and Costa Rica. Soil samples 

from China, Iceland and New Zealand did not yield any common yeast pathogens.  
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Figure 3: Pathogenic yeast species found in our global soil collection and their abundance by 

country. In these stacked bar plots, the pathogenic species are highlighted in red. The height of the red 

sections indicates their abundance. Soils from China, Iceland and New Zealand did not yield any 

pathogenic species. 

Putative novel yeast species 

Our yeast population included 44 potentially novel species from eight sampled 

countries: soil samples from Iceland did not yield any novel yeast species. Since we 

determined the most closely related genera for 41 species by running BLAST searches 

in the UNITE database (the remaining three species' ITS sequences were too short for 

analysis). Our 41 novel species can be categorized into 12 genera (9 in ascomycetes, 3 

in basidiomycetes) with Wickerhamomyces containing ten potentially novel species, 

and Candida containing eight. For each genus, we constructed maximum likelihood 

(ML) trees using RaxML with 1000 bootstraps (Stamatakis, 2014) to determine the 

taxonomic placement of novel species with respect to all known species of that genus. 

Our ML trees confirmed the separation of newly discovered species from known 

species. For an example, the ML tree reveals the distinctness of the potentially novel 

Wickherhamomyces species we isolated in this study (Figure 4). We observed some 

geographical clustering where the Cameroonian and Canadian novel species formed 

their own clusters while the two novel species from Costa Rica and Peru clustered 

together.  The ML trees of the remaining 11 genera can be found in Supplementary 

Dataset 1. 
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Figure 4: The maximum likelihood tree of Wicherhamomyces species based on rDNA ITS 

sequences. The placement of novel species with reference to known Wickerhamomyces species is 

shown. The novel species’ country of origin is stated in the node labels where CAM = Cameroon, CAN 

= Canada and CHN = China. The tree was constructed using RaxML with 1000 bootstraps. 

 

Predictors of global culturable soil yeast diversity 

Our 47 distinct sampling locations covered a wide range of global climatic conditions 

(Table 2) with mean annual precipitation ranging from 0mm (Lima, Peru where there 

is virtually no rainfall) to 2965mm (Monteverde, Costa Rica), while mean annual 

temperature ranged from -1.4°C (Svartifoss, Iceland) to 29.6°C (Alqunfudah, Saudi 

Arabia). Elevation ranged from < 2m (some sites in Svartifoss, Iceland and Auckland, 

New Zealand) to 4922km above sea level (Rainbow Mountain, Peru). Mbandoumou 

in Cameroon was the closest to the equator (418.5km from equator) while 

Dimmuborgir in Iceland was the farthest (7280.5km from equator). Four locations, 

two in Saudi Arabia and two in Cameroon, were removed from further analysis as 

they did not yield any yeast isolates. The remaining 43 locations varied significantly 

in culturable yeast diversity as quantified by Shannon diversity index from 0 (only one 

species was found) to 2.77 (Fredericton, Canada). According to our mixed model, we 

found mean annual precipitation to be significantly correlated with the Shannon 
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diversity index (p = 0.012, Figure 5). We found no significant correlation between the 

remaining predictors and Shannon diversity index (Supplementary Dataset 3).  
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Table 2: Environmental and geographic characteristics of sampling sites. Mean annual rainfall, 

mean annual temperature, distance to equator and elevation of sampling sites are summarized here. 

 

 

 

 

 

Country City Site code
Mean annual 

rainfall (mm)

Mean annual 

temperature (°C)

Distance to 

equator (km)

Altitude (meters 

above sea level)

Babanki CBB 1813.312 20.75 20.75 1173

Bambui CBM 1813.312 20.75 20.75 1274

Eloundem CEL 1617.423 24.75 24.75 620

Makepe CMK 2825.192 26.83 26.83 62

Mbalgon CML 1617.423 25.03 25.03 556

Mbandoumou CMD 1617.423 24.22 24.22 719

Mbingo CMB 1813.312 20.75 20.75 1909

Njinikejum CNJ 1813.312 20.75 20.75 1573

Simbock CSM 1617.423 24.99 24.99 643

Fredericton CF 1267.842 5.29 5.29 10

Vancouver CV 1567.708 9.95 9.95 31

Ailao Mountain CAC 1120.492 17.29 17.29 2782

Fenyi CC 1556.404 17.26 17.26 307

Jinfo Mountain CJ 1154.85 15.49 15.49 2085

Pangquangou Nature Reserve CT 467.3346 9.66 9.66 775

Taihang mountains west of 

Jincheng 
CSX 515.0269 12.11 12.11 2012

El Jardin EJ 2308.358 27.23 27.23 152

La Fotuna LF 2964.685 25.51 25.51 392

La Paz LP 2964.685 25.51 25.51 1512

Manuel Antonio MA 2308.358 27.23 27.23 13

Monteverde MV 2964.685 25.51 25.51 1585

Playa Hermosa PH 2308.358 27.23 27.23 7

Playa Samara Beach SB 1682.769 26.72 26.72 7

Poas Volcano PV 2957.59 25.51 25.51 2350

Samara Town ST 1682.769 26.72 26.72 13

Villas Playa Samara Beach 

Front Hotel
SH 1682.769 26.72 26.72 7

Hyeres FHF 703.8039 15.45 15.45 37

Uptown/Downtown Nice FN 814.7077 13.82 13.82 25

Dimmuborgir above Myvatn 

lake (highlands) 
ID 969.2692 1.06 1.06 283

Landbrotalaug mini hotspring IL 823.4154 4.65 4.65 11

National park near Svartifoss ISF 1904.319 -1.4 -1.4 192

Near Nautholsvik Geothermal 

Beach near Reykjavik 

university

IN 959.4077 4.17 4.17 0

Skútustaðagígar pseudocraters 

on Myvatn lake 
ISP 855.5423 1.93 1.93 271

Thingvellir IT 1107.946 3.05 3.05 89

New Zealand Auckland NZA 1172.973 15.13 15.13 0

Amazon PA 2139.142 25.51 25.51 176

Cusco PC 679.0462 9.59 9.59 3322

Lima PL 0 19.57 19.57 138

Machu Pichu PM 563.1885 9.5 9.5 1940

Rainbow Mountain PR 725.7192 5.77 5.77 4922

Sacred Valley PS 636.3077 8.52 8.52 2866

Alqunfudah SAA 49.56154 29.58 29.58 1

Dammam SAD 73.69615 27.15 27.15 5

Jeddah SAJ 45.29615 29.25 29.25 15

Medina SAM 65.06154 27.18 27.18 636

Umluj SAU 4.815385 27.63 27.63 14

Yanbu SAY 29.56923 27.69 27.69 9

Peru

Saudi Arabia

Cameroon

Canada

China

Costa Rica

France

Iceland
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Figure 5: Mean annual precipitation is significantly correlated with soil yeast diversity. Here, the 

Shannon diversity index of our sampling sites is plotted against mean annual precipitation. Sampling 

sites are colored by country. The line plots the model predictions with associated uncertainty shaded in 

grey.  

Air traffic volume as a predictor of shared species between countries  

36 yeast species were found in more than one country. The following five country 

pairs had no soil yeast species in common: Iceland-Cameroon, Iceland-Costa Rica, 

Iceland-France, Iceland-Saudi Arabia, and Cameroon-Saudi Arabia. The number of 

shared species between the remaining 31 pairs ranged from one to 11 (Figure 6b). Air 

traffic volume data extracted from the Global Transnational Mobility Dataset showed 

that 25 700 496 trips were made between China and France between 2011-2016. 

During the same period, only 81 trips were made between Iceland and Cameroon 

(Figure 6a, Supplementary Table 3). We performed a linear regression analysis 

between air traffic volume, geographic distance, and the number of shared species 

between countries. While we did not find a significant correlation between geographic 

distance and the number of shared species, air traffic volume was significantly 

correlated with the number of shared species between countries (p = 0.003, Figure 7). 
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Figure 6: Air traffic volume between countries is correlated with number of shared species. (a) 

Volume of air traffic between the nine countries from 2011-2016. Thickness of the line indicates 

volume. (b) Heat map showing the number of shared species between country pairs.  

 

 

Figure 7: Number of shared species between countries is significantly correlated with traffic 

volume between them. We plotted the log number of trips made between country pairs between 2011-

2016 against the number of yeast species shared between them.  

We further constructed neighbour-joining (NJ) trees in MEGA7 (Kumar et al., 2016) 

based on ITS sequences of the four most shared species in our yeast population: 

ebaryomyces hansenii (7 countries), Papiliotrema laurentii (6 countries), Candida 

tropicalis (5 countries) and Torulaspora delbrueckii (5 countries). The NJ trees 

highlighted the lack of strict geographical clustering of isolates by country: for an 

example, most P. laurentii isolates found in New Zealand, Costa Rica, China, Peru, 

and Cameroon had identical ITS sequences and formed a cluster with most Canadian 

isolates (Figure 7). The NJ trees for the remaining three species can be found in 

Supplementary Dataset 2. This result is consistent with the hypothesis of recent long-

distance dispersals for many of the shared species. 
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Figure 8: The neighbour-joining tree of Papiliotrema laurentii global isolates found in our study. 

Limited geographical clustering is observed, suggesting frequent gene flow between populations. 
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Comparison to culture-independent, metagenomics approach 

We compared our results to a culture-independent study conducted by Tedersoo and 

colleagues who used high-throughput sequencing to investigate soil fungal diversity in 

39 countries (Tedersoo et al., 2014). We detected 146 OTUs among our global yeast 

dataset based on the clustering of the ITS2 region at 98.41% sequence identity, while 

the metagenomics study reported a total of 50,589 fungal OTUs, with the number of 

yeast OTUs not known. While we were able to annotate all obtained ITS sequences to 

species level or a higher taxonomic status within the fungal kingdom, ~33% of the 

fungal OTUs in the metagenomics dataset were merely annotated as 

Environmental_sequence (724, 1.4%), uncultured_soil_fungus (2405, 4.8%), 

uncultured_ectomycorrhizal_fungus (1407, 2.8%) or uncultured_fungus (11898, 

23.5%).  BLAST searches revealed that 26% of our OTUs (38/146) had a significant 

match (>98.41% identity) in the metagenomics dataset: only 3% (4/38) matched a 

fungal OTU from the same country, while the remaining 21% matched a fungal OTU 

found in a different country.  

2.6 Discussion 

Despite being one of the most accessible ecological niches, soil remains an enigmatic 

source of yeast diversity and ecology. Given that most yeast species are not 

geographically widely distributed, extensive environmental sampling across diverse 

regions, habitats and climates is required to uncover new species and diversity 

patterns. Elucidating global patterns and trends would also allow us to predict the 

structure and diversity of soil yeast populations in unsampled locations. Using a set of 

global soil samples from nine countries in six continents, we address this knowledge 

gap by characterizing global patterns and potential predictors of culturable soil yeast 

diversity. Our study uncovered 134 soil yeast species among 1473 isolates, including 

41 putative novel species. We identified mean annual precipitation and air traffic 

volume as significant predictors of soil yeast communities on a global scale. Our 

findings highlight the influence of both climatic factors and anthropogenic activity on 

soil yeast populations across the globe.  

We found mean annual precipitation to be the strongest predictor of culturable soil 

yeast diversity across both local and global scales. Previous metagenomic studies have 
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established mean annual precipitation as one of the climatic drivers of soil fungal 

diversity (Egidi et al., 2019; Tedersoo et al., 2014). Our results confirm that this trend 

persists for culturable yeast communities in global soils as well. A previous study 

showed that vegetation was not a strong predictor of soil fungal diversity (Tedersoo et 

al., 2014). However, factors influencing soil yeast diversity may be different from the 

overall soil fungal diversity. For example, many yeast species isolated here have been 

reported as associated with plant materials. Both P. kudriavzevii and M. guilliermondii 

are common fruit and leaf inhabitants. C. tropicalis and C. orthopsilosis are frequently 

associated with rotting wood and plant materials in different ecosystems (Opulente et 

al., 2019). Thus, the composition and structure of soil yeast communities may reflect 

their associations with plants and plant-related substrates present in these soils. In 

addition, a few yeast species such as C. tropicalis, C. saturnus, D. hansenii, P. 

laurentii, S. terrea, and S. terricola, are cosmopolitan and known to be geographically 

broadly distributed (Kurtzman et al., 2011).  

Earlier studies have shown that fungal communities in dry, semi-arid soils contain 

significantly more Ascomycota fungi than Basidiomycota (Abed et al., 2013; Murgia 

et al., 2019; Suleiman et al., 2019). We found a reversal of this trend in global soil 

yeast communities where basidiomycetous yeasts were found to be more prevalent in 

sampling sites receiving less rainfall (p < 0.05).  Some soil-dwelling, basidiomycetous 

yeasts are known to produce biofilms that allow them to persist in low moisture, 

oligotrophic conditions (Spencer and Spencer, 1997). Low moisture, and resulting 

lack of nutrients, could favor cellular structures and metabolic activities of yeasts in 

one Phylum over the other, creating rainfall-associated global diversity patterns 

observed in our study. Given our findings, we hypothesize that extreme rainfall and 

drought events brought on by global warming can potentially shift the established 

landscape of soil yeast communities. This is especially alarming given the significant 

presence of pathogenic yeasts we detected in the soils. Specifically, 15% of all yeast 

isolates found in our study belong to common opportunistic pathogenic yeast species 

capable of causing deadly systemic infections. Altered rainfall patterns, and resulting 

changes in soil microclimates, could cause outgrowths of pathogenic species and lead 

to emergence of new fungal infections. With soil ecosystems being an important 
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source of bacterial and fungal infections, any changes and shifts in soil microbiomes 

could pose a significant threat to global public health.  

Each of the nine countries investigated in our study was unique in the composition and 

structure of its culturable soil yeast population. 73% of the yeast species found in our 

study (98 out of 134) were specific to a single country. The fragmented nature of soil 

yeast distributions has been noted in previous studies where only a few species were 

found to be shared between sampling sites, even within the same region or country 

(Yurkov, 2018). The nine countries included in our study are separated by thousands 

of kilometers, with the two closest countries being France and Iceland (2235 km). 

Geographic isolation and local ecological conditions are likely key factors in limiting 

the spread and successful colonization of yeasts between populations, at least until 

recently when anthropogenic activity has strongly improved the connectivity between 

countries and continents and altered local ecological niches.  

Our findings suggest that human activities have likely contributed to changing yeast 

distributions in soil environments across the globe. International travel has increased 

exponentially in the past few decades with international tourist arrivals increasing 

from 25 million in 1950 to a record-high 1.4 billion in 2018 (UNWTO, 2018). The 

global air transportation network has the small-world property where most countries 

can be reached from each other via a few flight hops (Wandelt and Sun, 2015). While 

we found unique yeast species in most localities, 36 yeast species (~25% of all species 

found) were shared between at least two countries. While the presence of some 

species in multiple countries could be due to natural dispersal events such as wind 

throughout that species’ history, the correlation we found between air traffic volume 

and the number of shared species between countries suggested that human travel 

might have facilitated the spread of at least some yeasts across geographical borders. 

The lack of ITS sequence-based geographical clustering of the most shared species in 

our population is also consistent with gene flow between yeast populations in different 

countries. For C. tropicalis, the conclusion of gene flow among geographic 

populations is supported by a recent analysis of DNA sequences at six gene fragments 

for 876 global isolates that revealed sharing of multilocus genotypes between 

countries and continents (Wu et al., 2019). However, for other yeast species shared 
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between countries and continents, their detailed phylogeographic patterns remain to be 

elucidated. The COVID-19 pandemic has greatly shifted the political and economic 

landscape of our planet. Tourism both within and between countries has seen a drastic 

drop with accompanying tightening of borders between countries. The potential 

impact of the COVID-19 pandemic on culturable yeast populations remains to be 

determined. 

Many yeast species have been recently reported and many more remain to be 

discovered (Kurtzman et al., 2011; Wu et al., 2019; Yurkov, 2018; Naranjo-Ortiz and 

Gabaldón, 2019). Both culture-dependent and independent studies routinely discover 

novel yeast species from the environment. Our study is one of many recent surveys to 

find previously undescribed species accounting for as much as 30% of natural yeast 

populations (Yurkov, 2018), implying that every one of three yeast species recovered 

from the environment is likely to be a new one. In fact, our results on soil yeast 

species diversity described here likely represent underestimates of both the total 

species in these soils as well as the percentage of novel yeast species in the soil. For 

example, our media and incubation conditions favor fast-growing yeasts under the 

selected conditions. If both fast-growing and slow-growing yeasts were in the same 

0.1 gram of soil, it is likely that we would have recovered the fast-growing ones only 

due to its growth advantage.  

The isolated pure yeast cultures could be of potential applied significance. For 

example, investigators often turn to natural soils in search of novel yeast strains with 

commercial and biotechnological potential. The metabolic and fermentative 

capabilities of the novel yeasts such as those in genera Kazachstania and Blastobotrys, 

found in Peruvian and French soils respectively, and yeasts like Pichia kudriavzevii 

(syn. Candida krusei)  found in Costa Rican soil remain to be evaluated. In 2018, a 

novel strain of Pichia kudriavzevii isolated from soil in a sugarcane field in Thailand 

was shown to be more thermotolerant and produce more ethanol than the Thai 

industrial strain Saccharomyces cerevisiae TISTR 5606 (Pongcharoen et al., 2018). 

Presence of species of the genus Kazachstania in mixed cultures of Saccharomyces 

cerevisiae gives rise to fermented wines with diverse aroma profiles: however, 

Kazachstania species are unable to complete fermentation in monocultures (Jood et 
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al., 2017). Discovery of new Kazachstania species with more desirable fermentative 

abilities can aide the full exploitation of this genus in commercial wine fermentation. 

The thermo and halotolerant yeast Blastobotrys adeninivorans aids in a wide range of 

biotechnological applications including the production of secretory enzymes, as a host 

for heterologous gene expression and as a biological component in biosensors (Kunze 

et al., 2017).  

In recent years, researchers have come to view metagenomics as a valuable tool in the 

investigation of microbial diversity in complex ecological systems. The large amount 

of data generated from high throughput sequencing is crucial for unearthing large-

scale patterns at higher taxonomic levels. For example, a 2015 study compared 

culture-independent vs. culture-dependent characterizations of microbes from 

hydrocarbon-contaminated soil and found that the two methodologies provided 

diverging views of microbial communities, with only 8.2% of the fungal OTUs being 

shared between the two datasets (Stefani et al., 2015). A meta-analysis from 2019 

estimated the total number of fungal species to be 7.8-8.8 times that of culturable 

species (Wu et al., 2019). However, limited information on yeast diversity could be 

extracted from previous metagenomics studies on global soil fungal diversity (Egidi et 

al., 2019; Tedersoo et al., 2014). Yeasts cannot be easily identified based on 

sequences alone: extracting ITS sequences of known yeasts from large metagenomics 

datasets is a time-consuming task that requires personnel with advanced knowledge of 

yeast taxonomy. For potentially novel species, the metagenomic approach would 

completely fail to identify them as yeasts, as they rely on the current state of 

knowledge on species taxonomy and annotation. In Tedersoo et al.’s study (2014), 

over 30% of the fungal OTUs remained minimally annotated. In the future, it may be 

possible to design multiple sets of primers to target known groups of yeasts through 

the metagenomic approach while excluding their respective closely related groups of 

filamentous fungi. However, even with this approach, only those closely related to 

known yeasts will be amplified while novel yeasts may still be missed. Here, using 

culture-dependent methods, we succeeded in isolating many soil yeasts, which aided 

in the characterization of global patterns of soil yeast distribution and diversity. Our 

global soil yeast collection with identity established and manually validated via ITS 
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sequencing provides a much-needed reference set for future investigators on yeast 

diversity and taxonomy.   

Fungi isolated via culture-dependent methods can be identified as yeasts by 

morphology and can be further characterized using genomics, metabolomics, and 

transcriptomics (Xu 2020). Given the relatively low numbers of yeast cells in soil 

compared to bacteria, mold and other fungi, their DNA can easily escape detection in 

metagenomics studies, which could explain the lack of overlapping yeast sequences 

between our study and that of Tedersoo et al. (2014). On average, 40% of fungal DNA 

in soil are extracellular or comes from cells that were no longer intact, causing 

estimates of fungal richness to be Inflated by as much as 55% (Carini et al., 2016). 

Selective enrichment and culturing from soil samples in the lab remains the most 

effective ways of identifying and studying yeasts.  

2.7 Conclusions 

Our investigation into global patterns in culturable soil yeast diversity reaffirms soil as 

an important reservoir of environmental yeast species, both known and yet 

undiscovered. Precipitation emerges as the main predictor of soil yeast diversity 

across local and global scales. Ongoing global warming crisis and accompanying 

changes in rainfall could lead to expansion of pathogenic yeasts that already account 

for a sizable proportion of soil yeast communities. Our findings point to international 

travel being a potential contributing factor to the movement of yeast species across 

borders, with phylogenetic evidence suggesting long-distance gene flow between 

yeast populations. More environmental sampling is required to further uncover soil 

yeast diversity, isolates with commercial and biotechnological value and to monitor 

species that could pose a threat to human health. 
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2.9 Supplementary Data 

 

 

Supplementary Figure 1: Rarefaction curves showing saturation of Shannon diversity index 
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Supplementary Table 1  

 

 

  

Year Month Country City Province Latitude Longitude Site code

2016 June Cameroon Babanki Northwest 6.12 10.26 CBB

2016 June Cameroon Bambui Northwest 6.04 10.23 CBM

2016 June Cameroon Eloundem Center 5.4 11.84 CEL

2016 June Cameroon Makepe Littoral 4.14 9.83 CMK

2016 June Cameroon Mbalgon Center 4.44 11.9 CML

2016 June Cameroon Mbandoumou Center 3.77 11.51 CMD

2016 June Cameroon Mbingo Northwest 6.16 10.64 CMB

2016 June Cameroon Njinikejum Northwest 6.25 10.29 CNJ

2016 June Cameroon Simbock Center 4.63 12.04 CSM

2019 August Canada Fredericton New Brunswick 45.96 -66.64 CF

2020 Canada Vancouver British Columbia 49.28 -123.12 CV

2018 China Ailao Mountain Yunnan 24.21 101.32 CAC

2017 China Fenyi Jiangxi Province 27.48 114.41 CC

2019 China Jinfo Mountain 29.01 107.17 CJ

China Pangquangou Nature Reserve, Jiaocheng County, Lüliang Shanxi 37.55 112.56 CT

2017 China Taihang mountains west of Jincheng 35.51 111.882 CSX

2019 March Costa Rica El Jardin Alajuela 9.858 -84.576 EJ

2019 March Costa Rica La Fotuna Alajuela 10.505 -84.687 LF

2019 March Costa Rica La Paz Alajuela 10.204 -84.161 LP

2019 March Costa Rica Manuel Antonio Puntarenas 9.39 -84.147 MA

2019 March Costa Rica Monteverde Puntarenas 10.337 -84.81 MV

2019 March Costa Rica Playa Hermosa Puntarenas 9.566 -84.59 PH

2019 March Costa Rica Playa Samara Beach Guanacaste 9.873 -85.51 SB

2019 March Costa Rica Poas Volcano Alajuela 10.197 -84.232 PV

2019 March Costa Rica Samara Town Guanacaste 9.883 -85.528 ST

2019 March Costa Rica Villas Playa Samara Beach Front Hotel Guanacaste 9.873 -85.509 SH

2019 August France Hyeres 43.12 6.12 FHF

2019 August France Nice 43.71 7.26 FN

2019 June Iceland Dimmuborgir above Myvatn lake (highlands) 65.59 -16.91 ID

2019 June Iceland Landbrotalaug mini hotspring 64.49 -22.19 IL

2019 June Iceland National park near Svartifoss 64.02 -16.97 ISF

2019 June Iceland Near Nautholsvik Geothermal Beach near Reykjavik university 64.12 -21.93 IN

2019 June Iceland Skútustaðagígar pseudocraters on Myvatn lake 65.56 -17.03 ISP

2019 June Iceland Thingvellir 64.25 -21.12 IT

2017 New Zealand Auckland Domain Auckland -36.84 174.76 NZA

2017 New Zealand Aut Millemium field Auckland -36.84 174.76 NZA

2017 New Zealand Mount Eden Auckland -36.84 174.76 NZA

2017 New Zealand Railway Station Auckland -36.84 174.76 NZA

2017 New Zealand Trusts Arena Henderson Auckland -36.84 174.76 NZA

2017 New Zealand Univ Auckland Campus Auckland -36.84 174.76 NZA

2019 May Peru Amazon -12.52 -68.97 PA

2019 May Peru Cusco -13.53 -71.96 PC

2019 May Peru Lima -12.04 -77.04 PL

2019 May Peru Mauch Pichu -13.15 -72.54 PM

2019 May Peru Rainbow Mountain -13.86 -71.3 PR

2019 May Peru Sacred Valley -13.33 -72.08 PS

2016 December Saudi Arabia Alqunfudah Southwest 19.12 41.07 SAA

2016 December Saudi Arabia Dammam East 26.39 49.97 SAD

2016 December Saudi Arabia Jeddah West 21.28 39.23 SAJ

2016 December Saudi Arabia Medina West 24.52 39.56 SAM

2016 December Saudi Arabia Umluj Northwest 25.05 37.26 SAU

2016 December Saudi Arabia Yanbu West 24.02 38.19 SAY
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Supplementary Table 2: Soil yeast species discovered in this study, location of isolation and 

taxonomic annotations 

Please click on the following link to access the table.  

https://docs.google.com/spreadsheets/d/1GRBWeywfFyWA97f75EOXdSGlywgED2vd/edit?usp=shari

ng&ouid=106686285052112798692&rtpof=true&sd=true 

  

https://docs.google.com/spreadsheets/d/1GRBWeywfFyWA97f75EOXdSGlywgED2vd/edit?usp=sharing&ouid=106686285052112798692&rtpof=true&sd=true
https://docs.google.com/spreadsheets/d/1GRBWeywfFyWA97f75EOXdSGlywgED2vd/edit?usp=sharing&ouid=106686285052112798692&rtpof=true&sd=true
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Supplementary Table 3: Air traffic volume between countries from 2011 to 2016 

 

  

Country 1 Country 2 Total trips between 2011 and 2016

Cameroon Canada 114066

Cameroon China 190912

Cameroon Costa Rica 430

Cameroon France 1698224

Cameroon Iceland 81

Cameroon New Zealand 319

Cameroon Peru 670

Cameroon Saudi Arabia 20779

Canada China 13341486

Canada Costa Rica 2037266

Canada France 17580898

Canada Iceland 708188

Canada New Zealand 1217830

Canada Peru 923654

Canada Saudi Arabia 908977

China Costa Rica 166430

China France 25700496

China Iceland 401540

China New Zealand 4734008

China Peru 389346

China Saudi Arabia 1561938

Costa Rica France 408267

Costa Rica Iceland 405

Costa Rica New Zealand 28864

Costa Rica Peru 360709

Costa Rica Saudi Arabia 1924

France Iceland 1281216

France New Zealand 384373

France Peru 763702

France Saudi Arabia 1521833

Iceland New Zealand 2920

Iceland Peru 658

Iceland Saudi Arabia 2002

New Zealand Peru 80642

New Zealand Saudi Arabia 89866

Peru Saudi Arabia 1829
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Supplementary Dataset 1: GenBank accession numbers of ITS sequences obtained in this study 

Please click on the following link to access the table.  

https://docs.google.com/spreadsheets/d/1UXt151cjnc58eR2HgmkMpfmlZcPERmCv/edit?usp=sharing

&ouid=106686285052112798692&rtpof=true&sd=true 

 

Supplementary Dataset 2: Maximum likelihood trees of novel species 

Please click on the following link to access the table.  

https://drive.google.com/file/d/188gb200vxHqfHwxvGT68UU4okKN4b0J3/view?usp=sharing 

 

Supplementary Dataset 3: Neighbour-joining trees of species shared among countries 

Please click on the following link to access the table.  

https://drive.google.com/file/d/1kvp8enUNfNehYWPkfX77T5z2pcQYT_1F/view?usp=sharing 

 

Supplementary Dataset 4: Summary of mixed model between species diversity, climatic factors, 

and geographical factors 

Please click on the following link to access the table.  

https://drive.google.com/file/d/1itnubg07kyQCKm4CjD0QlraP2AjyYgU7/view?usp=sharing 

 

  

https://docs.google.com/spreadsheets/d/1UXt151cjnc58eR2HgmkMpfmlZcPERmCv/edit?usp=sharing&ouid=106686285052112798692&rtpof=true&sd=true
https://docs.google.com/spreadsheets/d/1UXt151cjnc58eR2HgmkMpfmlZcPERmCv/edit?usp=sharing&ouid=106686285052112798692&rtpof=true&sd=true
https://drive.google.com/file/d/188gb200vxHqfHwxvGT68UU4okKN4b0J3/view?usp=sharing
https://drive.google.com/file/d/1kvp8enUNfNehYWPkfX77T5z2pcQYT_1F/view?usp=sharing
https://drive.google.com/file/d/1itnubg07kyQCKm4CjD0QlraP2AjyYgU7/view?usp=sharing
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Chapter 3 

 

Fantastic Yeasts and Where to Find Them:  

The Discovery of a Predominantly Clonal 

Cryptococcus deneoformans Population in Saudi 

Arabian Soils 

 

3.1 Preface 

The geographical distribution of C. deneoformans, typically found in association with 

pigeon excreta, tree barks and soil, was previously believed to be largely limited to 

temperate climates. Its sister species C. neoformans was believed to be more 

thermotolerant with a worldwide distribution, including tropical regions. In the course 

of culturing yeasts from global soils, we isolated a large number of C. deneoformans 

strains from Saudi Arabian soil where it was the dominant yeast species in the 

population. Our study was the first to discover evidence of C. deneoformans persisting 

in desert climates. In this study, we reported this novel finding and genetically 

characterized the population by performing multilocus sequence typing on the strains. 

Our findings suggest that the geographical distribution of C. deneoformans needs to 

be expanded to include desert climates and that further sampling could reveal 

additional niches of this species.  

This study is now published in FEMS Microbiology Ecology Volume 95, Issue 9. I 

am the primary contributor of this work. I conducted the majority of the experiments 

as well as the analyses and drafting of the manuscript. Co-authors of this article are 

Renad Aljohani, Carlene Jimenez and Jianping Xu. 
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3.2 Abstract 

Cryptococcus deneoformans is an opportunist yeast pathogen and causative agent of 

meningoencephalitis in humans. It is known to be mainly distributed in temperate 

climates. Most of our current understanding of this species have come from clinical 

isolates, leaving environmental populations largely unexplored. The Middle East 

remains one such underexplored area with no published study to date investigating 

cryptococcal diversity in soil. In this study, we identified 76 C. deneoformans isolates 

from a survey of 562 soil samples collected from six cities in Saudi Arabia. 

Multilocus sequence typing revealed the presence of two major sequence types (ST), 

ST160 (n=63) and ST294 (n=9) along with four singleton STs, three of which were 

novel.  One novel ST, ST613, was likely a recombinant product between ST160 and 

ST294. Among the 76 isolates, 75 belonged to mating type (MAT) α while one isolate 

was MATa. Our analyses suggest that the Saudi Arabian C. deneoformans population 

likely reproduces both asexually and sexually in nature. Our study is the first to report 

the occurrence of C. deneoformans in a desert climate, representing a novel expansion 

to this species’ currently known ecological niche.  

3.3 Introduction 

The two sister species, Cryptococcus neoformans and Cryptococcus deneoformans are 

opportunistic human yeast pathogens and causative agents of cryptococcosis, a set of 

life-threatening diseases that includes respiratory infections, skin lesions and 

meningoencephalitis (Charlier et al. 2009; Goldman, Lee, and Casadevall 1994; 

Husain, Wagener, and Singh 2001; Del Valle and Pina-Oviedo 2006). Each year, over 

220,000 cryptococcal infections are reported worldwide with 180,000 resulting in 

mortality (Rajasingham et al. 2017). Based on cell surface antigen properties and 

genetic differences, cryptococcal strains are categorized into serotypes and molecular 

types (Bhattacharjee, Bennett and Glaudemans 1984; Boekhout et al. 2001; Meyer et 

al. 2009). C. neoformans corresponds to serotype A and molecular types VNI, VNII, 

and VNB, while C. deneoformans belongs to serotype D and molecular type VNIV. 

The two lineages have been alternatively classified as two varieties of one species 

(namely C. neoformans var. grubii for serotype A, molecular types VNI, VNII, and 

VNB; and C. neoformans var. neoformans for serotype D, molecular type VNIV) 
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(Hagen et al. 2015, 2017; Kwon-Chung et al. 2017). In this paper, we will use the 

two-species nomenclature. 

While sharing 85-90% sequence identity at the genomic level, the two species show 

characteristic differences in virulence factors such as melanin production, growth at 

37°C and capsule production, where C. neoformans generally surpasses C. 

deneoformans in the expression of these phenotypes (Kavanaugh, Fraser, and Dietrich 

2006; Martinez, Garcia-Rivera, and Casadevall 2001; Vogan et al. 2016). C. 

neoformans is responsible for the majority of global cryptococcal infections although 

cutaneous infections are predominantly associated with C. deneoformans strains 

(Barchiesi et al. 2005; Dromer et al. 1996; Pini, Faggi, and Bravetti 2017; Sanchini et 

al. 2014). Due to its higher thermotolerance, C. neoformans is frequently isolated from 

tropical and subtropical regions with strains having been discovered from 

environmental sources in all continents except Antarctica (Massimo Cogliati 2013). C. 

deneoformans appears to be less thermotolerant and its geographical distribution is 

largely contained to temperate climates (Massimo Cogliati 2013). Prevalence of C. 

deneoformans is highest in Mediterranean Europe with environmental and clinical 

isolates having been recovered from many countries including Croatia, Denmark, 

France, Germany, Greece, Italy, Russia, Serbia, Slovenia, Spain and Sweden 

(Arsenijevic et al. 2014; Massimo Cogliati et al. 2018; Massimo Cogliati, D’Amicis, 

et al. 2016; Desnos-Ollivier et al. 2015; Gago et al. 2017; Hagen et al. 2016; Mlinaric-

Missoni et al. 2011; Pini, Faggi, and Bravetti 2017; Sanchini et al. 2014; Tomazin et 

al. 2017; Viviani et al. 2006) . While C. deneoformans causes <5% of cryptococcal 

infections on a global scale, it is responsible for over 30% of all cryptococcal 

infections in Europe (Arsenijevic et al. 2014; Viviani et al. 2006).  

The current literature on Cryptococcus population structure and epidemiology is 

heavily biased towards clinical isolates. While surveys of clinical cryptococcal 

isolates, including their genotypes, phenotypes and clinical outcomes, are frequently 

reported from around the world, there are significantly fewer studies investigating the 

environmental presence of Cryptococcus. A meta-analysis conducted by Cogliati in 

2013 that combined results from hundreds of global studies revealed that out of the 

76,981 cryptococcal isolates reported in the literature, the overwhelming majority 
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were of clinical origin (n=70,198, 91.2%) while only 6,783 strains (8.8%) came from 

environmental sources (Massimo Cogliati 2013). This disparity is likely due to clinical 

samples being more easily accessible for investigation as well as the need for 

surveillance and monitoring for possible epidemics. However, since cryptococcal 

infections are non-contagious, hosts invariably acquire cryptococcal pathogens from 

the environment. Therefore, studying environmental populations will provide a more 

complete understanding of the true genetic diversity and virulence potential of the 

human pathogenic Cryptococcus in a region.  

Due to its high prevalence, most studies on Cryptococcus have focused on C. 

neoformans with environmental surveys of C. deneoformans especially lacking. In 

fact, C. deneoformans isolates have never been reported from the African continent. 

Its apparent absence in the literature is likely due to insufficient sampling since 

interspecific hybrids between C. neoformans and C. deneoformans have been 

recovered from clinical and environmental sources in Africa (Kassi et al. 2016; A. P. 

Litvintseva et al. 2005; Miglia et al. 2011; Van Wyk et al. 2014). Another region that 

is scarcely surveyed for Cryptococcus is the Middle East, partly due to its desert 

climate being considered as not conducive for cryptococcal growth and survival. 

However, albeit rare, cryptococcal infections have been reported from several 

countries in the Middle East including Dubai, Kuwait, Qatar and Saudi Arabia 

(Khayhan et al. 2013; Kinne et al. 2017; Mansoor et al. 2015). Using multilocus 

sequence typing (MLST), a recent study concluded that the global C. deneoformans 

population has a recombing population structure with no clear geographical 

structuring (Massimo Cogliati, Zani, et al. 2016). This suggests that increases in 

human migration over the last several centuries may have facilitated the migration of 

C. deneoformans across the globe, blurring genetic boundaries among geographical 

populations and resulting in isolates being introduced to previously uninhabited 

niches. Therefore, it is important to survey previously unexplored environments for 

presence of Cryptococcus, with a focus on countries where cryptococcal infections 

have already been reported.  

Saudi Arabia occupies almost 80% of the Arabian Peninsula and most of its territory 

consists of arid desert with a series of mountains extending through the Southwestern 
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and Western regions (Hegazy, El-Demerdash, and Hosni 1998; Vincent 2008). Except 

the Southwestern region, most of Saudi Arabia has a high annual temperature and low 

precipitation. A desert climate with high-temperature conditions increases evaporation 

and reduces moisture in soil, resulting in salt precipitation. Indeed, ground water in 

some places has a salt content comparable to that of sea water (Sallam 2002). At 

present, there is no published information on yeast diversity in Saudi Arabian soil. 

Furthermore, given these extreme conditions, Saudi Arabian soil is significantly 

different from currently known environmental habitats of cryptococcal species, 

although several human cryptococcal infections have been reported in Saudi Arabia 

over the years dating as far back as 1989 (Al-Hedaithy 1992).  

In this study, we identified 114 yeast isolates from a survey of 562 soil samples 

collected from six cities in Saudi Arabia: 76 isolates were determined to be strains of 

C. deneoformans. We explored the genetic variation among these isolates using DNA 

sequence information obtained from the consensus MLST scheme for Cryptococcus 

species complex. Our analyses revealed for the first time a desert climate as an 

environmental reservoir of C. deneoformans and that this population has a 

predominantly clonal population structure with some evidence of sexual 

recombination. 

3.4 Materials and Methods 

Soil collection and yeast isolation: A total of 562 soil samples were collected from 

six Saudi Arabian cities in four regions: Yanbu, Jeddah and Al-medina on the West 

Coast by the Red Sea, Umluj in the Northwest, Al Qunfudah in the Southwest, and 

Dammam on the Persian Gulf Coast (Figure 1). The geographic coordinates of 

sampling locations are listed in Table 1. Samples were collected in December (coolest, 

dry season) of 2016. Each sample consisted of ~1 gram of soil collected at a depth of 

approximately 5 – 10 cm below the surface. Soil samples were at least five meters 

from each other in all directions. For yeast isolation, 0.1 g of soil was mixed into 1 ml 

of Sabouraud Dextrose Broth (SDB) containing 0.035 mg/ml of the antibiotic 

chloramphenicol and incubated at 30°C for 2 days. Samples were then sub-cultured 

onto Yeast Extract-Peptone-Dextrose agar (YEPD) and grown for 2 days at 30°C. 
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Colonies that appeared to be yeasts based on appearance and morphology (creamy or 

white color, smooth, matte texture) were selected for further investigation.  

 

Figure 1: The sampling locations in Saudi Arabia. Soil samples were collected from six locations: 

Umluj, Medina, Yanbu, Jeddah, Al Qunfudha and Dammam. The two cities from which C. 

deneoformans isolates were recovered are highlighted in green. The city of Mecca is shown in red.  
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Table 1: The sampling locations in Saudi Arabia. A total of 562 soil samples were collected from six 

cities in Saudi Arabia. 114 yeast isolates were recovered 76 of which were determined to be C. 

deneoformans. 

 

Species identification: Total genomic DNA was extracted from all yeast-like colonies 

according to the protocol described in Xu, Vilgalys and Mitchell (2000). Species 

identification was achieved by sequencing the fungal barcoding region, internal 

transcribed spacer (ITS), encompassing both ITS1 and ITS2, and comparing it to 

available sequences on GenBank (Table S1). Genotypes and phenotypes of isolates 

identified as C. deneoformans through ITS sequences were further investigated.  

Multilocus sequence typing (MLST): MLST sequences were obtained for all C. 

deneoformans isolates according to the ISHAM consensus scheme (Meyer et al. 

2009). Alternate primers were designed for LAC1, GPD1, and SOD1 based on the 

JEC21 whole genome sequence available on NCBI 

(https://www.ncbi.nlm.nih.gov/genome/?term=jec21) to ensure efficient amplification  

(Table S1). Primers for CAP59, IGS1, PLB1 and URA5 were unchanged from the 

consensus scheme. Sequences were manually edited using the software FinchTV 

V1.4.0 and aligned using the ClustalW algorithm in CLC sequence viewer V8.0. 

Allele types and sequence types (ST) were identified by making comparisons to 

sequences in the cryptococcal MLST Database (http://mlst.mycologylab.org/).  

Region City Geographical 

coordinates 

Number 

of soil 

samples 

Number 

of yeast 

isolates 

Number of 

cryptococcal 

isolates 

Soil pH 

West Yanbu 24.0232° N, 

38.1900° E 

197 79 64 6.8 

West Jeddah 21.2854° N, 

39.2376° E 

100 29 12 6.8 

Northwest Umluj 25.0500° N, 

37.2651° E 

129 1 0 6.4 

West Medina 24.5247° N, 

39.5692° E 

50 2 0 6.4 

East Dammam 26.3927° N, 

49.9777° E 

56 2 0 7.00 

Southwest Alqunfudah 19.1281° N, 

41.0787° E 

32 1 0 7.00 

Total 562 114 76  

https://www.ncbi.nlm.nih.gov/genome/?term=jec21
http://mlst.mycologylab.org/
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Serotype, molecular type and mating type: The serotypes and molecular types of 

the cryptococcal isolates were determined based on their MLST allele types and STs. 

Mating type was determined by primer-specific amplification of the STE20α and 

STE20a genes (Yan, Li, and Xu 2002).  

Genetic diversity: Measures of genetic diversity within the C. deneoformans 

population were calculated using the software DnaSP V6: these included the total 

number of haplotypes (h), haplotype diversity (Hd), number of polymorphic sites (S), 

nucleotide diversity (π) which is the average number of nucleotide differences per site 

between two sequences, the average number of nucleotide differences (k) between any 

two randomly drawn sequences from the population and the Watterson estimator (θS). 

Linkage disequilibrium and recombination: The index of association (IA), a 

measure of linkage between loci in the population, and rbarD ( 𝑟̅d), a less biased 

method that takes the number of sampled loci into account were calculated using the 

software Multilocus V1.3b (Agapow and Burt 2001). The observed value was 

compared to those based on randomized populations assuming infinite sexual 

recombination using 1,000 iterations to test the null hypothesis of complete linkage 

equilibrium (null hypothesis was rejected if p < 0.05). As another measure of 

recombination, we conducted the four-gamete test between each pair of MLST loci. In 

the simplest case of two loci with two alleles each, a maximum of four haplotypes are 

possible. The occurrence of no more than 3 of these haplotypes can be explained by 

mutation and the two loci are said to be phylogenetically compatible. If all four 

combinations are observed within the population, the two loci are said to be 

phylogenetically incompatible and assumed to be due to sexual recombination. For 

each pairwise comparison, graphs were generated where alleles of the two loci were 

listed side by side with lines connecting each observed combination of alleles. If the 

lines created an “hourglass” shape, this is indicative of the existence of all four 

possible haplotypes and thus phylogenetic incompatibility. Finally, the minimum 

number of recombination events that have occurred in the population’s evolutionary 

history was calculated using DnaSP.   

Phylogenetic trees and goeBurst: To trace the possible origins of the Saudi Arabian 

C. deneoformans population, STs that share all or some alleles with Saudi Arabian 
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isolates were identified through the Fungal MLST database. Information pertaining to 

strains that belong to these STs were collected through a literature search on PubMed 

using the keywords “Cryptococcus neoformans” and “MLST” in all fields. 

Concatenated MLST sequences of the STs for which strain information could be 

identified were aligned to the Saudi Arabian STs in CLC sequence viewer. 

Neighbour-joining phylogenetic trees for concatenated sequences as well as for 

individual loci were constructed in MEGA7. A clustering analysis was conducted 

using the PHYLOViZ V2.0 software that utilizes the goeBURST algorithm to infer 

phylogenetic relationships between the STs and to determine the most likely founding 

genotype within clonal complexes (CC).  

Antifungal resistance and melanin production: Fluconazole is the most commonly 

used first-line antifungal drug in treating primary and systemic cryptococcal infections 

in both immunocompromised and immunocompetent hosts (Perfect et al. 2010). The 

minimum inhibitory concentration (MIC) of fluconazole for the cryptococcal isolates 

was determined according to the protocol outlined by the Clinical and Laboratory 

Standards Institute (Rex et al. 2008) as a measure of their potential implications on 

clinical infection and management. Melanin production, an essential virulence factor, 

of the isolates was also quantified using spot densitometry on solid caffeic-acid agar 

medium following the protocol in Vogan et al. (2016).  

3.5 Results 

Yeast isolation from soil samples: The 562 soil samples yielded a total of 114 yeast 

isolates, 76 of which were identified as C. deneoformans based on ITS sequences 

(Table 1). The majority of cryptococcal strains (n = 64) were recovered from Yanbu 

while the rest (n = 12) were from Jeddah, both of which are located along the west 

coast of Saudi Arabia (Figure 1). Cryptococcal isolates accounted for 90% and 69% of 

all yeast isolates found in these two locations respectively. The other four sampled 

locations failed to yield any cryptococcal isolates.  

Serotype, molecular type, mating type: MLST sequences (discussed below) 

revealed all 76 cryptococcal isolates to be serotype D, molecular type VNIV, thus 

identifying them as strains of C. deneoformans. Mating type-specific amplification of 
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STE20 gene revealed 75 isolates to be mating-type (MAT)α while one isolate was 

MATa.  

Table 2: The list of C. deneoformans isolates found in Saudi Arabia. Their MLST genotypes, 

mating types and MIC to fluconazole are listed here. 

Strain 

ID 
City CAP59 GPD1 IGS1 LAC1 PLB1 SOD1 URA5 ST MAT 

MIC 

(Fluc.) 

J1 Jeddah 16 21 30 19 13 17 19 160 α 2 

J100 Jeddah 16 21 30 19 13 17 19 160 α 2 

J18 Jeddah 16 21 30 19 13 17 19 160 α 2 

J20 Jeddah 16 21 30 19 13 17 19 160 α 2 

J26 Jeddah 16 21 30 19 13 17 19 160 α 1 

J4 Jeddah 16 21 30 19 13 17 19 160 α 1 

J6 Jeddah 16 21 30 19 13 17 19 160 α 2 

J62 Jeddah 16 21 30 19 13 17 19 160 α 2 

J7 Jeddah 16 21 30 19 13 17 19 160 α 4 

J82 Jeddah 16 21 30 19 13 17 19 160 α 2 

J85 Jeddah 16 21 30 19 13 17 19 160 α 2 

J86 Jeddah 16 21 30 19 13 17 19 160 α 2 

Y101 Yanbu 16 21 30 19 13 17 19 160 α 2 

Y102 Yanbu 16 21 30 19 13 17 19 160 α 2 

Y103 Yanbu 16 21 30 19 13 17 19 160 α 2 

Y104 Yanbu 16 21 30 19 13 17 19 160 α 2 

Y105 Yanbu 16 21 30 19 13 17 19 160 α 2 

Y106 Yanbu 16 21 30 19 13 17 19 160 α 1 

Y111 Yanbu 16 21 30 19 13 17 19 160 α 2 

Y113 Yanbu 16 21 30 19 13 17 19 160 α 1 

Y114 Yanbu 16 21 30 19 13 17 19 160 α 2 

Y115 Yanbu 16 21 30 19 13 17 19 160 α 2 

Y116 Yanbu 16 21 30 19 13 17 19 160 α 1 

Y121 Yanbu 16 21 30 19 13 17 19 160 α 1 

Y122 Yanbu 16 21 30 19 13 17 19 160 α 2 

Y124 Yanbu 16 21 30 19 13 17 19 160 α 2 

Y126 Yanbu 16 21 30 19 13 17 19 160 α 2 

Y128 Yanbu 16 21 30 19 13 17 19 160 α 2 

Y132 Yanbu 16 21 30 19 13 17 19 160 α 2 

Y134 Yanbu 16 21 30 19 13 17 19 160 α 2 

Y137 Yanbu 16 21 30 19 13 17 19 160 α 2 

Y140 Yanbu 16 21 30 19 13 17 19 160 α 2 

Y141 Yanbu 16 21 30 19 13 17 19 160 α 2 

Y142 Yanbu 16 21 30 19 13 17 19 160 α 2 

Y143 Yanbu 16 21 30 19 13 17 19 160 α 2 
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Y144 Yanbu 16 21 30 19 13 17 19 160 α 2 

Y145 Yanbu 16 21 30 19 13 17 19 160 α 1 

Y147 Yanbu 16 21 30 19 13 17 19 160 α 2 

Y152 Yanbu 16 21 30 19 13 17 19 160 α 2 

Y153 Yanbu 16 21 30 19 13 17 19 160 α 2 

Y156 Yanbu 16 21 30 19 13 17 19 160 α 1 

Y158 Yanbu 16 21 30 19 13 17 19 160 α 4 

Y161 Yanbu 16 21 30 19 13 17 19 160 α 1 

Y162 Yanbu 16 21 30 19 13 17 19 160 α 2 

Y163 Yanbu 16 21 30 19 13 17 19 160 α 2 

Y165 Yanbu 16 21 30 19 13 17 19 160 α 2 

Y170 Yanbu 16 21 30 19 13 17 19 160 α 1 

Y171 Yanbu 16 21 30 19 13 17 19 160 α 1 

Y172 Yanbu 16 21 30 19 13 17 19 160 α 2 

Y176 Yanbu 16 21 30 19 13 17 19 160 α 2 

Y177 Yanbu 16 21 30 19 13 17 19 160 α 1 

Y178 Yanbu 16 21 30 19 13 17 19 160 α 2 

Y182 Yanbu 16 21 30 19 13 17 19 160 α 2 

Y184 Yanbu 16 21 30 19 13 17 19 160 α 2 

Y189 Yanbu 16 21 30 19 13 17 19 160 α 2 

Y190 Yanbu 16 21 30 19 13 17 19 160 α 2 

Y192 Yanbu 16 21 30 19 13 17 19 160 α 2 

Y194 Yanbu 16 21 30 19 13 17 19 160 α 2 

Y195 Yanbu 16 21 30 19 13 17 19 160 α 1 

Y196 Yanbu 16 21 30 19 13 17 19 160 α 1 

Y30 Yanbu 16 21 30 19 13 17 19 160 α 1 

Y67 Yanbu 16 21 30 19 13 17 19 160 α 1 

Y9 Yanbu 16 21 30 19 13 17 19 160 α 1 

Y107 Yanbu 16 21 24 20 13 22 32 294 α 1 

Y108 Yanbu 16 21 24 20 13 22 32 294 α 1 

Y119 Yanbu 16 21 24 20 13 22 32 294 α 1 

Y130 Yanbu 16 21 24 20 13 22 32 294 α 1 

Y133 Yanbu 16 21 24 20 13 22 32 294 α 1 

Y138 Yanbu 16 21 24 20 13 22 32 294 α 1 

Y157 Yanbu 16 21 24 20 13 22 32 294 α 1 

Y164 Yanbu 16 21 24 20 13 22 32 294 α 1 

Y187 Yanbu 16 21 24 20 13 22 32 294 α 1 

Y38 Yanbu 26 21 30 22 13 19 18 499 a 1 

Y112 Yanbu 16 21 24 19 13 22 32 613 α 2 

Y97 Yanbu 16 46 24 20 13 20 32 614 α 1 

Y87 Yanbu 24 21 91 21 14 17 34 615 α 2 
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MLST and genetic diversity: MLST sequences were obtained for all 76 C. 

deneoformans isolates (Table 2). The concatenated sequences of the 7 loci added up to 

a total length of 3,960bp. The 76 isolates belonged to 6 STs. ST160 was the most 

frequent (n = 63), followed by ST294 (n = 9). The remaining four STs, ST499, ST613, 

ST614 and ST615, were singletons with the latter three being novel. With an Hd of 

0.295, URA5 was the most polymorphic locus in our population with 4 haplotypes and 

14 single-nucleotide polymorphisms (SNP) (Table 3). LAC1 and SOD1 also contained 

4 haplotypes each with 7 and 4 SNPs respectively. GPD1 and PLB1 were the least 

diverse with all isolates but one sharing the same alleles at the two loci. Overall, the 

population showed low genetic diversity with an Hd of 0.302 and π of 0.0013 for the 

concatenated MLST sequences (Table 3).   

 

 

 

 

 

 

Clonality and recombination: The over-representation of two multilocus genotypes 

suggests that the Saudi Arabian C. deneoformans population has a significant clonal 

component. To examine whether there is any evidence of recombination, IA and 𝑟̅d of 

the C. deneoformans population were measured both before and after clonally 

correcting the dataset. In the former, IA and 𝑟̅d were 2.98 and 0.59 respectively 

whereas the values were lower (1.08 and 0.18 respectively) in the clone-corrected 

dataset. In both cases, the null hypothesis of linkage equilibrium and sexual 

recombination was rejected at p<0.001 and p<0.05 respectively, suggesting that the 

population is highly clonal. Four-gamete tests were conducted between each pair of 

MLST loci adding up to a total of 21 pairwise comparisons. Each observed allelic 

combination was visualized by connecting the alleles with lines: none of the 21 

generated graphs contained the “hourglass” shape that would be indicative of 

Locus Length 

(bp) 

Polymorphic 

sites (S) 

Haplotypes 

(h) 

Haplotype 

diversity 

(Hd) 

Nucleotide 

diversity  

(π) 

Average number 

of nucleotide 

difference (k) 

Theta 

per site 

(θS) 

CAP59 560 2 3 0.052 0.00009 0.053 0.00073 

GPD1 546 1 2 0.026 0.00005 0.026 0.00038 

IGS1 697 5 3 0.273 0.00054 0.375 0.00147 

LAC1 473 7 4 0.277 0.00267 1.262 0.00302 

PLB1 517 1 2 0.026 0.00005 0.026 0.00039 

SOD1 528 4 4 0.277 0.00105 0.554 0.00155 

URA5 639 14 4 0.295 0.00456 2.883 0.00452 

All loci 3960 34 6 0.302 0.00131 5.179 0.00176 

 

Table 3: Genetic diversity in Saudi Arabian C. deneoformans population. Haplotype diversity 

(Hd), nucleotide diversity (π), average number of nucleotide differences (k) and Watterson’s estimator 

(θS) were calculated using DnaSP. 
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recombination between loci (five of these graphs are shows in Figure 2). However, 

DnaSP detected four possible recombination events among the SNPs in the 

concatenated MLST sequences of the Saudi Arabian STs. Furthermore, ST613 could 

be explained as a recombinant product between the two major Saudi Arabian STs, 

ST160 and ST294 (Figure 3). Specifically, ST613 is identical to ST160 at the LAC1 

locus while it shares IGS1, SOD1 and URA5 alleles with ST294. Alleles at CAP59, 

GPD1, and PLB1 loci for ST613 could have been inherited from either STs as ST160 

and ST294 are identical at these three loci.   

 

Figure 2: Test of phylogenetic incompatibility using the four-gamete test. (A) Two loci with two 

alleles each are said to be phylogenetically incompatible if all four possible allelic combinations are 

observed. This is visualized by the formation of an ‘hourglass’ shape when alleles are connected by 

lines. (B)-(F) Five of the 21 graphs generated from the four-gamete tests are shown here. The observed 

allelic combinations in the Saudi Arabian C. deneoformans population are shown by connecting lines. 

None of these graphs show the hourglass shape and thus fail to show indications of sexual 

recombination. 
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Figure 3: Sexual recombination in the Saudi Arabian C. deneoformans population. The newly 

identified ST, ST613, seems to be a product of sexual recombination between the two most frequent 

STs, ST160 and ST294, in the Saudi Arabian cryptococcal population. IGS1, SOD1 and URA5 alleles 

in ST613 are identical to that of ST294 while the LAC1 allele is identical to that of ST160. CAP59, 

GPD1 and PLB1 could have been derived from either ST. 

Comparison with published MLST data: We identified 100 STs in the cryptococcal 

MLST database that shared at least one allele with our Saudi Arabian STs. From the 

literature search on PubMed, we were only able to obtain strain information for 56 of 

these 100 STs. Thus, only these 56 STs were included in our comparative. In total, we 

found 157 strains belonging to the 56 STs; the vast majority were of clinical (human 

or veterinary) origin (n=146) while only 11 strains had been isolated from the 

environment (Table 4). ST160, the dominant genotype in Saudi Arabia, has been 

previously found in clinical isolates from the United States (n=5), France (n=3), 

Canada (n=2), Germany (n=1), Columbia (n=1), Brazil (n=1) and a veterinary isolate 

from Italy (n=1) (Andrade-Silva et al. 2018; Massimo Cogliati, Zani, et al. 2016; 

Danesi et al. 2014; Desnos-Ollivier et al. 2015; Himeshi Samarasinghe et al. 2018). 

ST294 has been found in 2 veterinary isolates from Italy (Danesi et al. 2014). ST499 

has been previously reported in environmental isolates from Greece (n=6) (Massimo 

Cogliati, Zani, et al. 2016). A complete minimum spanning tree of the Saudi Arabian 

STs and related global STs was generated using the goeBURST algorithm in 

PHYLOViZ. ST121, a genotype found exclusively in France, was determined to be 

the most likely founding genotype with six major clusters and two singletons 

branching off from it (Figure 4). ST160 is derived from ST121 and is a sub-group 

founder itself. ST499 is loosely derived from ST160 at a 3-degree separation. ST615 

is another subgroup founder with several global STs descended from it. ST294 is 

directly descended from ST613 while ST614 is derived from ST294. Clustering by 

geographical origin failed to reveal any patterns. Four-gamete tests were conducted 

between all 21 MLST loci pairs in the global ST dataset: the hourglass shape was 
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observed in each of the 21 pairwise comparisons, consistent with frequent 

recombination in the global sample (an example is shown in Figure 5a). In fact, ST160 

can be constructed by pairing several other global STs. For an example, ST160 could 

be potentially derived from recombination between ST117 and ST118 (Figure 5b). 

 

 

Figure 4: Inferred phylogenetic relationships among global C. deneoformans STs. This minimum 

spanning tree was generated in PHYLOViZ via the goeBURST algorithm. The Saudi Arabian STs are 

highlighted in blue. ST121, found in a French clinical strain, is the most likely founding genotype. 

ST160 and ST615 are subgroup founders while ST499, ST613, ST614 and ST294 appear to be more 

recently derived. 
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ST 

# of 

strains 
Country Source Reference 

# of 

shared 

loci CAP59 GPD1 IGS1 LAC1 PLB1  SOD1  URA5  

Molecular 

type 

160 5 USA Cln f 7 16 21 30 19 13 17 19 VNIV 

 3 France Cln b          

 2 Canada Cln f          

 1 Italy Vet c          

 1 Germany Cln a          

 1 Colombia Cln a          

 1 Brazil Cln g          

294 2 Italy  Vet c 7 16 21 24 20 13 22 32 VNIV 

499 6 Greece Env a 7 26 21 30 22 13 19 18 VNIV 

117 1 Australia Cln a 6 16 21 30 19 13 1 19 VNIV 

123 1 France Cln b 6 16 21 43 19 13 17 19 VNIV 

168 1 Germany  Cln a 6 22 21 30 22 14 17 18 VNIV 

 8 Japan  Cln a          

 3 France  Cln b          

118 1 France  Cln b 5 16 21 30 13 14 17 16 VNIV 

119 1 France Cln b 5 16 21 31 20 13 20 32 VNIV 

121 2 France  Cln a 5 16 21 32 19 13 17 20 VNIV 

 17 France  Cln b          

130 1 France Cln b 5 22 21 32 19 13 22 18 VNIV 

131 1 France Cln  b 5 22 21 32 19 14 17 19 VNIV 

133 2 France  Cln b 5 26 21 30 22 14 21 22 VNIV 

158 1 France Cln b 5 16 21 24 13 14 17 36 VNIV 

161 1 France Cln b 5 16 21 32 21 14 17 21 VNIV 

169 1 France Cln b 5 24 21 26 21 14 20 32 VNIV 

170 1 France Cln b 5 24 21 26 21 14 32 18 VNIV 

110 1 Germany  Cln a 4 15 21 24 21 13 20 22 VNIV 

 2 France  Cln b          

116 7 Germany  

Not 

known 

(4), 

Cln (3) a 4 16 21 29 13 14 17 24 VNIV 

 4 France  Cln b          

120 1 France Cln b 4 16 21 31 13 14 19 20 VNIV 

122 1 France Cln a 4 16 21 32 24 13 17 20 VNIV 

 9 France  Cln b          

124 1 France Cln b 4 16 21 45 13 14 17 16 VNIV 

125 1 France Cln a 4 16 21 45 21 13 21 22 VNIV 

 4 France  Cln b          

132 1 France Cln b 4 25 21 31 15 14 17 34 VNIV 

155 1 France Cln b 4 15 21 52 21 14 17 22 VNIV 

156 1 France Cln b 4 15 21 24 21 13 20 35 VNIV 

157 1 France Cln b 4 16 20 30 22 14 30 17 VNIV 

162 1 France Cln b 4 16 21 32 19 20 17 20 VNIV 

163 1 France Cln b 4 16 22 32 19 13 23 18 VNIV 

179 1 France Cln b 4 25 21 53 15 13 17 34 VNIV 

279 1 Italy Cln a 4 22 22 31 22 14 17 34 VNIV 

335 1 Colombia Cln a 4 27 28 30 19 14 17 41 VNIV 

Table 4: Sequence types (STs) that share alleles with Saudi Arabian STs and associated strain 

information in the published literature. 
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Cln = clinical, Env = environmental, Vet = veterinary. 

a(Cogliati et al. 2016), b(Desnos-Ollivier et al. 2015), c(Danesi et al. 2014), d(Kaocharoen et al. 2013), 

e(Park et al. 2015), f(Samarasinghe et al. 2018a), g(Andrade-Silva et al. 2018) 

 

 

487 1 Germany Cln a 4 16 21 32 24 13 17 32 VNIV 

108 1 France Cln b 3 14 21 42 13 14 18 34 VNIV 

111 1 France Cln b 3 15 21 45 21 13 21 22 VNIV 

112 2 Italy  

Cln, 

Vet a 3 16 22 31 24 14 17 16 VNIV 

 4 France  Cln b          

 1 Italy  Vet c          

114 8 France  Cln b 3 16 21 26 24 18 17 22 VNIV 

 3 USA  Cln f          

126 1 Thailand Env a, d 3 17 21 28 19 14 1 20 VNIV 

128 1 France Cln b 3 20 21 32 21 19 17 21 VNIV 

134 1 France Cln b 3 26 24 33 23 14 17 16 VNIV 

136 1 France Cln b 3 27 22 30 24 13 17 20 VNIV 

159 1 France Cln b 3 16 21 24 16 20 20 16 VNIV 

164 1 France Cln b 3 16 22 32 19 20 17 20 VNIV 

166 1 France Cln b 3 16 24 26 24 13 17 31 VNIV 

178 1 France Cln b 3 29 24 44 22 14 14 36 VNIV 

180 1 Denmark  Env a 3 20 21 26 21 19 17 21 VNIV 

 1 France  Cln           

 2 France  Cln b          

 3 Thailand  Env f          

251 1 Italy Vet c 3 26 22 43 24 13 17 20 VNIV 

252 1 Italy Vet a 3 22 22 30 19 14 23 41 VNIV 

 1 Italy Vet c          

270 1 Thailand Env f 3 16 28 53 24 14 17 20 VNIV 

486 1 Germany Cln a 3 16 22 32 19 13 17 22 VNIV 

127 1 Korea Cln e 2 17 21 28 13 14 1 16 VNIV 

129 1 France Cln b 2 21 21 44 17 14 23 23 VNIV 

135 1 France  Cln a 2 27 22 43 24 13 17 20 VNIV 

 6 Italy  

Cln 

(5), 

Vet (1) a          

 1 

Virginia, 

USA  Env a          

 6 France  Cln b          

 1 Italy Vet c          

 1 USA  Cln f          

165 2 France  Cln b 2 16 22 48 24 13 23 17 VNIV 

 2 USA  Cln f          

181 1 France Cln b 2 32 21 52 21 22 31 16 VNIV 

336 2 Columbia  Cln a 2 16 22 32 14 14 18 17 VNIV 

154 1 France Cln b 1 14 22 67 13 14 23 17 VNIV 

167 1 France Cln b 1 17 22 32 14 21 17 20 VNIV 
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Figure 5: Evidence for recombination in the global C. deneoformans population. (A) The graph 

generated by the four-gamete test between CAP59 and PLB1 in the global C. deneoformans STs. 

Hourglass shape indicates sexual recombination occurring between the two loci. (B) ST160 can be 

derived from recombination between ST117 and ST118. ST160 shares SOD1 with ST118 while sharing 

LAC1, PLB1 and URA5 with ST117. CAP59, GPD1 and IGS1 could have been inherited from either 

ST. 

Phylogenetic trees: The neighbour-joining tree created using concatenated MLST 

sequences of the 6 Saudi Arabian STs and the 56 partially related STs is shown in 

Figure 6. The STs are distributed into five major clusters. ST294, along with ST614 

and ST613, appear to be three of the four most-recently derived STs in the analyzed 

population. All three are closely related to each other. In contrast, ST160, ST499 and 

ST615 are located in three separate clades and are genetically more similar to non-

Saudi Arabian STs. For an example, the closest relative of ST160 is ST123, an ST 

found in a French clinical strain.  We next created individual neighbour-joining trees 

for the 7 MLST loci to trace possible origins of the Saudi Arabian alleles. To avoid 

redundancy, a single, randomly picked representative was used for STs that shared 

alleles at a particular locus. GPD1, IGS1 and PLB1 alleles found in the Saudi Arabian 

C. deneoformans population seem to be more recently derived as indicated by their 

locations at the tips of the shortest branches in the phylogenetic trees (Figure 7). LAC1 

alleles from ST294 and ST614 appear to be recently derived while those of ST160, 

ST499, ST613 and ST615 appear to have a more ancient origin. The Saudi Arabian 

CAP59, SOD1 and URA5 alleles do not follow this pattern and are dispersed 

throughout their respective trees.   
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Figure 6: Neighbour-joining tree of concatenated MLST sequences of Saudi Arabian STs and 

related global STs. The Saudi Arabian STs are indicated by the red arrows. 

 

Antifungal resistance and melanin production: All 76 Saudi Arabian C. 

deneoformans isolates were susceptible to the antifungal drug fluconazole with the 

highest MIC recorded being 4µg/mL (n=2). 46 isolates had an MIC of 2µg/mL while 

the rest (n=28) had an MIC of 1µg/mL.  Melanin production varied significantly 

among isolates, ranging from no observable melanin production to high melanin 

production following 7 days of incubation at 30°C (Figure 7a). Average melanin 
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production differed significantly between strains of the two major sequence types, 

ST160 and ST294 (p<0.001, Figure 7b).  Melanin production was not significantly 

correlated with the sampling location of the isolates (Figure 8).  

 

Figure 7: Neighbour-joining trees of the seven MLST loci. Alleles from the six Saudi Arabian STs 

and representatives of other global STs were used to construct neighbour-joining trees for each of the 

seven MLST loci. Saudi Arabian STs are indicated by the red arrows. 
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Figure 8: Melanin production of the Saudi Arabian C. deneoformans isolates. (A) Melanin 

quantification assay of 20 selected isolates from the Saudi Arabian population. (B) Melanin production 

of the isolates grouped by MLST sequence type. Isolates shown in panel (A) are highlighted in red. 

ST160 isolates on average produced significantly more melanin than ST294 isolates (P < 0.01). 

3.6 Discussion 

In what was initially a routine survey of yeast presence in Saudi Arabian soil, we 

unexpectedly discovered a large C. deneoformans population which turned out to be 

the predominant yeast species in the sampled locations. This discovery reveals a novel 

ecological niche for C. deneoformans, whose preferred habitat was previously 

believed to be subtropical and temperate climates. Our analyses suggest that a recent 

introduction, possibly through human migration, followed by expansion via clonal 

reproduction and limited sexual recombination has led to the establishment of a 

largely clonal C. deneoformans population in Saudi Arabia with several, novel 

genotypes. The presence of both ancestral and newly derived genotypes indicates that 

Saudi Arabia could potentially act as both a source and a sink for C. deneoformans 

genotypes in a global context. 

C. deneoformans (VNIV) isolates of clinical and environmental origins have been 

recovered from all continents except Africa and Antarctica. However, strains of other 

molecular types (VNI, VNII, VNIII, C. gattii) often outnumber VNIV strains even in 

Europe, the largest natural reservoir of C. deneoformans where 30% of all 

cryptococcal infections are caused by VNIV strains (Massimo Cogliati 2013). Our 

study describes the first natural cryptococcal population identified to date that is made 

up exclusively of VNIV strains. Furthermore, our results point to a previously 

unidentified ecological niche for C. deneoformans. Yanbu has a desert climate with an 

annual precipitation of 91mm and an average temperature of 26.5°C: during summer 
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months the mean daily temperature can reach mid 30°Cs. Jeddah, likewise, has a 

desert climate with temperatures reaching mid 40°C during summer months, and an 

annual precipitation of 52mm (Almazroui et al. 2012; Krishna 2014). C. 

deneoformans was previously thought to be less thermotolerant than C. neoformans 

and is typically associated with temperate climates. In addition to being the first C. 

deneoformans population to be discovered in a desert climate, the Saudi Arabian 

population appears to be well-established and thriving in this novel niche.  

The sporadic appearance of cryptococcal infections in Saudi Arabia over the past few 

decades suggests that C. deneoformans may have persisted in the environment for a 

significant period of time. Cases of cryptococcal infections in both 

immunocompromised and immunocompetent individuals in Saudi Arabia have been 

reported as far back as 1989 (Al-Hedaithy 1992). In most cases, serotype/molecular 

type of the isolates were not determined (Al-Tawfiq and Ghandour 2007; Alsum et al. 

2012; Mansoor et al. 2015). However, in 2005, an apparently healthy male with 

primary cutaneous cryptococcosis was determined to be infected with a C. 

deneoformans isolate (Al-Marzooq et al. 2005). C. neoformans was first recovered 

from environmental sources in Saudi Arabia in 2015 during a survey of pigeon 

droppings: C. neoformans was identified based on melanin synthesis, ability to grow 

at 37°C, and urease production (Abulreesh et al. 2015). Serotype and molecular type 

of these isolates were not determined. Given the geographical proximity of their 

sampling locations in Mecca to Yanbu (382km) and Jeddah (86km), it is possible that 

some of these isolates are C. deneoformans. In this survey, we failed to identify any 

cryptococcal isolates in other four sampled locations. Temperature is likely not a 

contributing factor as Jeddah and Mecca are two of the driest and warmest cities in 

Saudi Arabia. Furthermore, we cannot explain the absence of C. neoformans in Saudi 

Arabian soil.  

Our phylogenetic analyses suggest that some of C. deneoformans genotypes may be 

introduced into Saudi Arabia via anthropogenic activities, including human travel. 

Due to its thriving economy centered around the oil industry, Saudi Arabia has 

become one of the top five destinations for international migrant workers (United 

Nations 2017). As of 2017, 37% of its total population of 33 million is comprised of 
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international migrants, largely from other Asian and African countries (United 

Nations 2017). In addition, the annual Hajj and Umrah pilgrimages attract over 20 

million domestic and foreign visitors to Mecca every year (General Authority for 

Statistics Kingdom of Saudi Arabia 2017b, 2017a). Frequent international travel 

between Saudi Arabia and other countries likely facilitated the introduction and 

exchange of C. deneoformans. ST160, the most frequent genotype found in the Saudi 

Arabian population, has a global presence with strains having been isolated from 

North America, South America and Europe. ST160 strains are likely adept at 

surviving a wide range of environmental conditions, facilitating its spread across 

continents. Significant genetic differences were observed between Saudi Arabian STs. 

For example, the two dominant STs, ST160 and ST294, were found in different clades 

on the concatenated phylogenetic tree (Figure 4). ST499 and ST615 were more 

closely related to other global STs than to other genotypes found in Saudi Arabia 

(Figure 4, Figure 6). The novel IGS1 allele recovered from ST615 is significantly 

different from that of ST160 (4 nucleotide insertions and 5 SNPs) and ST294 (4 

nucleotide insertions and 4 SNPs). It is closely related to IGS1 of clinical strains from 

Europe and USA. In fact, ST615 differs from the rest of the population at 5 of the 7 

MLST loci. Furthermore, significant phenotypic differences exist between Saudi 

Arabian STs as highlighted by differential melanin productions of strains both within 

and between ST160 and ST294 (Figure 7). These results point to multiple introductory 

events of genetically distinct C. deneoformans strains into Saudi Arabia with 

genotypes more suited for survival in the desert climate taking hold and persisting in 

the environment. 

Saudi Arabia could serve as both a source and a sink for the C. deneoformans global 

population. ST160 and ST615 are founding genotypes for many other global isolates 

and their MLST alleles appear to be relatively ancestral in origin. On the other hand, 

ST294, ST614, ST613 and ST499 are more recently derived according to both 

goeBURST analysis and neighbour-joining phylogenetic trees. Frequent international 

travel into and out of Saudi Arabia likely facilitates the ingress and egress of C. 

deneoformans isolates in its environment. Mediterranean Europe is currently 

considered the point of origin for C. deneoformans due to the high prevalence and 
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genetic diversity of this species in this region. Alternatively, both the unique and 

broad distribution of the Saudi Arabian STs suggests that Middle East could also be 

the source of the contemporary global C. deneoformans population. In fact, Mecca is 

host to an unusually large population of pigeons, a well-known carrier of 

Cryptococcus that played a pivotal role in the historical expansion of cryptococcal 

species (Casadevall et al. 2017). It is possible that the true niche of C. deneoformans is 

the semi-arid deserts found in Africa and the Middle East, especially given that its 

sister species C. neoformans is believed to have originated on the African continent 

prior to global dispersal (Anastasia P. Litvintseva and Mitchell 2012). However, the 

low genetic diversity of the Saudi Arabian C. deneoformans population suggests that 

Saudi Arabia is more likely a contemporary source of novel genotypes as opposed to 

the point of ancestral origins.  

Most strains from other geographic regions but that share alleles with Saudi Arabian 

population are of clinical origin (Table 3). This could be a result of sampling bias 

where clinical isolates were more often studied and genotyped than environmental 

strains. On the other hand, clinical strains, potentially with higher expression of 

virulence factors, can be genetically and phenotypically better suited for spread and 

survival in a variety of climates: their propagation is likely facilitated by their human 

hosts’ travels. Indeed, cryptococcal infections can stay dormant inside patients for 

decades, increasing the likelihood of their introduction to new geographic regions 

(Dromer, Ronin, and Dupont 1992; Garcia-Hermoso, Janbon, and Dromer 1999). In 

2007, a 32-year old immunocompetent Indonesian female living in Saudi Arabia was 

diagnosed with cryptococcal vertebral osteomyelitis; although she had not travelled to 

Indonesia within the 7 years prior to her diagnosis, the possibility of cryptococcal 

spores from her native Indonesia lying dormant within the body cannot be discounted 

(Al-Tawfiq and Ghandour 2007). 

Saudi Arabian C. deneoformans population shows genetic signatures of both sexual 

and asexual reproduction. The presence of MATa strains, along with ST613, a very 

likely recombinant product between the two major genotypes, support the occurrence 

of sexual recombination in the Saudi Arabian C. deneoformans population. Low 

prevalence of MATa (1/76) is consistent with mating type ratios observed in C. 
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neoformans and C. deneoformans populations in other regions (Chowdhary et al. 

2011; Feng et al. 2008; Freire et al. 2012). In fact, previous MLST sequencing of 

global C. deneoformans isolates revealed the population structure of this species to be 

recombinant, rather than clonal (Massimo Cogliati, Zani, et al. 2016). However, the 

low genetic diversity of the Saudi Arabian population suggests that asexual 

reproduction is still the main mode of expansion in this region. The novel GPD1 allele 

in ST614 differs from that of the rest of the population by a single SNP, which is 

likely a result of mutation accumulated during mitotic replication.  

In this study, we obtained 76 C. deneoformans isolates from Saudi Arabian soils 

through a culture-based method. While this method allowed us to selectively enrich 

yeasts for isolation, under certain circumstances such as the presence of other 

microbes capable of inhibiting/killing C. deneoformans, our method could produce an 

under-estimate of the prevalence of C. deneoformans. However, we would like to note 

that we extracted total DNA from 10 soil samples from Yanbu and Jeddah, with five 

representing soils that we successfully isolated C. deneoformans and five that did not. 

We then used Cryptococcus species-specific primers to amplify the extracted soil 

DNA. However, none of the 10 samples showed any amplification (data not shown). 

Our results suggest that even if existed, cryptococcal cells and DNA in soils were 

likely in very low concentration.  Thus, to have accurate assessments of fungal 

diversity in the Saudi Arabian soils, including C. deneoformans prevalence and 

diversity, a combination of culture-dependent and culture-independent methods would 

be needed.  

In conclusion, the Saudi Arabian C. deneoformans population obtained here represents 

an expansion of this species’ previously known ecological niche to include desert 

climates. Although largely clonal, the population carries several alleles and STs that 

are unique to Saudi Arabia, highlighting the combined role of asexual and sexual 

reproduction in its propagation. Over time, the Saudi Arabian C. deneoformans 

population will likely establish its own unique genetic signature through mutation and 

recombination, especially given its extreme environmental conditions compared to 

previously known, natural C. deneoformans habitats. 
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3.9 Supplementary Data 

Table S1: Primer sets used in this study.  

Primer Sequence (5’ to 3’) 

ITS1 TCCGTAGGTGAACCTGCGG 

ITS4 TCCTCCGCTTATTGATATGC 

GPD1F ATTCAACGACGTACTCGGCA 

GPD1R GGTTGGAATCAACGGTTTCGG 

LAC1F GGAGTGGCTAGAGCTGCAAT 

LAC1R GCACAATTGCAGCAACGCTT 

SOD1F TGTCAACCATAGCGACACCG 

SOD1R TCCCACCAAATACGCCTCAA 
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Chapter 4 

 

Dissection of Melanin QTLs by Bulk Segregant 

Analysis in Cryptococcus deneoformans 

 

4.1 Preface 

The ability to produce dark eumelanin pigments is an essential virulence factor of C. 

deneoformans as well as a trait instrumental for their survival in their natural habitats. 

Significant intraspecific variation in melanin pigmentation is observed among both 

clinical and environmental C. deneoformans isolates. Very few studies have attempted 

to determine genetic loci underlying this phenotypic variance, with most preferring to 

focus on its sister species C. neoformans instead. Our study is the second quantitative 

trait loci (QTL) analysis on melanin variance in C. deneoformans and the first to apply 

bulk segregant analysis (BSA) in this species. We identified over 2000 genome-wide 

single nucleotide polymorphisms as potential melanin QTLs and confirmed 

differential expression of six candidate genes via quantitative polymerase chain 

reaction in two strains with divergent melanin phenotypes. Our results highlight the 

complexity of genetic architecture underlying melanin variance in C. deneoformans. 

We illustrate how BSA can be successfully applied in this species to dissect QTLs of 

clinically significant phenotypes.   

This manuscript is drafted to be published in MDPI Microorganisms. I am the primary 

contributor of this work. I conducted the majority of the experiments, as well as the 

analyses and drafting of the manuscript. Co-authors of this study are Yi Lu, Ian 

Dworkin and Jianping Xu. 
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4.2 Abstract 

The basidiomycetous yeast Cryptococcus deneoformans is a causative agent of 

cryptococcosis with 181,000 deaths worldwide every year. Despite its virulence in 

humans, C. deneoformans is an opportunistic pathogen with its primary reservoir 

being soil, tree barks and pigeon excreta in the natural environment. Natural C. 

deneoformans strains show significant intraspecific variation in melanin pigmentation, 

a trait equally essential for virulence and gaining protection from UV light and 

predatory amoebas in the environment. Here, we applied bulk-segregant analysis 

(BSA) for the first time in C. deneoformans to identify quantitative trait loci (QTL) 

underlying melanin variance in a lab-derived F1 population. We identified 5 blocks 

ranging in size from 6kb to 527kb on chromosomes 1, 4 and 7, as well as several, 

independent single nucleotide polymorphisms (SNP) on chromosomes 3, 5, 6 and 8 as 

potential melanin QTLs. Six genes located within the QTLs showed differential 

expression in the two parents, namely, transcription activator GCN5 (CNA03280), ER 

organization and biogenesis-related protein (CNA04110), low affinity zinc ion 

transporter (CND00350), calcium ion binding protein (CNG02120), mitotic spindle 

assembly-related protein (CNG02140), and ligand-regulated transcription factor 

(CNG02270). Interestingly, neither BSA nor an allele-swap experiment identified 

LAC1, which encodes the laccase enzyme essential for melanin production in C. 

deneoformans, as a potential melanin QTL. Our findings suggest that different genes 

and regulatory elements might play crucial roles in melanin production vs. 

quantitative variance in pigmentation. Our study highlights the complex genetic 

architecture underlying phenotypic variance in the medically relevant yeast C. 

deneoformans. Its implications for virulence and ongoing evolution amidst a changing 

climate remain to be investigated. 

4.3 Introduction 

Cryptococcosis is an AIDS-defining illness that affects over 220 000 individuals 

worldwide every year, with 181 000 deaths [1]. Cryptococcosis can take a variety of 

forms including skin infections, lung infections and meningoencephalitis [2–4]. The 

causative agent of this deadly infection is a pair of closely related, basidiomycetous 

yeast species, Cryptococcus neoformans and Cryptococcus deneoformans. While C. 
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neoformans is considered the more virulent species with a global distribution, C. 

deneoformans is responsible for up to 40% of cryptococcal infections in 

Mediterranean Europe [5–7]. A recent multi-species animal specimen study from 

Poland indicated that C. deneoformans might be the dominant species (74%) in animal 

reservoirs including feral pigeons, parrots and lemurs [8]. Ability to synthesize 

black/brown eumelanin pigments from exogenous substrates is one of three ‘dual-role’ 

phenotypes (the other two being the production of a polysaccharide cell capsule and 

the ability to grow at 37C) that confers these yeasts resistance to common stressors in 

their natural environment such as UV radiation, heat, and predation, as well as 

protection from the host’s immune system during infections [9–11].   

Significant intraspecific variation in melanin pigmentation is observed among 

environmental and clinical strains of C. deneoformans [12]. Given the survival 

benefits conferred by melanin pigments, reasons for such variance remain unclear.  

There could be fitness trade-offs between vegetative growth and the metabolically 

expensive process of melanin biosynthesis [13]. Environmental strains in different 

geographical locations could experience different microclimates and differential 

exposure to environmental stressors, requiring different amounts of melanisation. 

Previous work from my group identified genotype-environment interactions as a 

significant contributor to melanin variance in a global C. deneoformans population, 

suggesting that melanin biosynthesis is responsive and adaptable to the level of stress 

in the environment [12].  

Melanin biosynthesis is a complex metabolic process in C. deneoformans, requiring 

the functionality of a multitude of enzymes and a network of regulatory elements [13]. 

A phenoloxidase, encoded by the LAC1 gene located on chromosome 7, is essential 

for catalyzing the initial oxidation step of the substrate, typically L-3,4-

dihydroxyphenylalanine (L-DOPA), into dopaquinone, which kicks off a series of 

spontaneous reactions that ends in the polymerization of melanin pigments [14]. Two 

major signaling pathways have been implicated in the regulation of LAC1 expression 

and melanin production in C. deneoformans, namely the cyclic AMP/protein kinase A 

(cAMP/PKA) and high-osmolarity glycerol response (HOG) pathways [15–18]. 

Transcription factors and kinases associated with these pathways, such as  Bzp4, 
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Usv101, Mbs1, Hob1, GSK3 and KIC1, have been implicated in the regulation and 

fine-tuning of LAC1 expression [19]. While gene deletion experiments established the 

critical roles these components play in melanin biosynthesis, it is unclear if and how 

they contribute to quantitative variance in melanisation observed within C. 

deneoformans populations.  

We previously identified nucleotide polymorphisms in the LAC1 gene to be 

significantly correlated with the level of melanin pigmentation in C. deneoformans 

[12]. A recent quantitative trait locus (QTL) mapping using whole genome sequences 

of progeny derived from crosses between C. deneoformans strains identified RIC8, 

which encodes a regulator in the cAMP/PKA signaling pathway, as contributing to 

melanin variance [20]. A previous QTL analysis using polymerase chain reaction-

restriction fragment length polymorphisms (PCR-RFLP) markers in a hybrid progeny 

population derived from a cross between C. neoformans and C. deneoformans 

identified five, putative QTLs contributing to melanin variance, which included an 

arginine n-methyltransferase located on chromosome 2, a stomatin-like protein on 

chromosome 14, and LAC1 [21].  In 2006, Lin and colleagues identified MAC1, a 

putative ligand-regulated transcription factor located on chromosome 7, as a candidate 

QTL contributing to melanin variance [22]. The percentage of melanin variance 

explained by the QTLs identified in the above studies in their respective populations 

ranged from 10% to 67.5%, indicating that the full genetic architecture behind this 

intraspecific variance remains to be elucidated.   

Bulk segregant analysis (BSA) is a form of QTL mapping where DNA from 

individuals displaying transgressive phenotypes is pooled and subjected to whole 

genome sequencing, with alleles enriched in one pool over the other identified as 

putative QTLs contributing to phenotypic variance. In closely related, progeny 

populations, pooling DNA of individuals with similar phenotypes can enrich alleles 

contributing to extreme phenotypes, making BSA an attractive technique to be used in 

the dissection of QTLs in F1 populations. BSA has been successfully implemented in 

multiple studies on the model yeast Saccharomyces cerevisiae to identify QTLs 

contributing to variance in traits of clinical and industrial importance including 

cantharidin resistance, virulence in Galleria mellonella, high ethanol tolerance, xylose 
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utilisation, thermotolerance and lignocellulosic inhibitor tolerance, among others [23–

28]. In the model fungus Neurospora crassa, researchers have used BSA to identify 

genes involved in cell cycle regulation and programmed cell death [29,30].  

Here we describe the application of BSA for the first time in C. deneoformans to 

identify melanin QTLs in a F1 population of 425 strains derived in the lab from a 

cross between two strains with divergent melanin phenotypes. We assess gene 

expression levels of top candidate genes in the parental strains using quantitative 

polymerase chain reaction (qPCR). We also verify the contribution of three single 

nucleotide polymorphisms (SNPs) in the LAC1 gene to melanin variance by 

conducting an allele swap between two strains with differential melanin production. 

4.4 Results 

Melanin variance in F1 population 

We obtained 425 F1 progeny strains from our laboratory cross between JEC21 and 

NIH-433. We observed significant variance in melanin production among strains in 

the F1 population (Figure 1). Quantitative data from the spot densitometry assay 

showed the presence of transgressive melanin phenotypes in the progeny population: 

23 progeny strains produced more melanin than the darker parent NIH-433, while 209 

strains produced less melanin than the lighter parent JEC21, 54 of which did not 

produce any pigments at all (i.e. albino strains). The remaining 139 progeny strains 

produced an intermediate amount of melanin between the two parents.  Our results 

confirmed that melanin pigmentation was a quantitative trait in this C. deneoformans 

F1 population.  
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Figure 1: Melanin production of the F1 population. The 425 progeny strains obtained from JEC21 x 

NIH-433 cross showed a wide range in melanin production. Melanin production of progeny strains is 

shown here in reference to that of the parents: melanin levels of JEC21 and NIH-433 were adjusted to 

zero and one respectively. 

 

Bulk Segregant Analysis   

We selected the 25 highest and 25 lowest melanin producing progeny strains to create 

the high and low melanin pools, respectively. We performed whole genome 

sequencing on the two pools and the parental strains at approximately 100x coverage. 

Following filtering, we identified 50,706 bi-allelic SNPs between the two parents. We 

determined the genotypes of the two pools at these sites. The SNPs were not 

uniformly distributed across the genome: most chromosomes had non-variable blocks 

interspersed between regions of high SNP density (Figure 2). The two parental strains 

used in our cross are related to each other. NIH-433 is a progenitor strain used in the 

construction of the laboratory strain, JEC21, which explains the shared blocks of 

chromosomes in their genomes [31].  
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Figure 2: Genome-wide SNP density in 10kb windows. In total, 50706 high-quality SNPs were 

identified between the two parental strains, JEC21 and NIH-433. SNPs were not uniformly distributed 

across the genome. 

We calculated the FST of each SNP as a measure of differentiation between the two 

pools. FST values can range from 0 to 1 where 1 indicates complete differentiation (i.e. 

one pool exclusively contains one parental allele while the second pool has the other 

parent’s allele) and 0 indicates no differentiation (both pools have both parental alleles 

at similar frequencies). FST values ranging the full spectrum from 0 to 1 were observed 

in our SNP dataset, with 2196 SNPs having a FST value greater than 0.4, which 

indicates a moderate level of differentiation (Figure 3). High FST SNPs were 

predominantly found in blocks among other high FST SNPs. Chromosome 1 contained 

a 62kb block and a 294kb block spanning 845,630bp - 907,259bp and 1,032,506bp – 

1,326,185bp respectively. Chromosome 4 contained two blocks, with the first one 

spanning 6kb from 1,293,428bp to 1,299,376bp, and the second spanning 86kb from 

1,548,735bp to 1,634,829bp. A 527kb block was found on chromosome 7 spanning 

from 438,478bp to 965,397bp. The remaining high FST SNPs were found scattered 

across chromosome 3 (five SNPs), chromosome 5 (two SNPs), chromosome 6 (two 

SNPs), and chromosome 8 (23 SNPs).  

We annotated our full SNP dataset using the published annotations of the JEC21 

reference genome on NCBI [32]. The annotation summary of the 2196 SNPs with FST 

greater than 0.4 is listed in Table 1. We considered SNPs located within 1500bp 
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upstream of a gene to be upstream variants with potential to affect gene expression. 

The 2196 SNPs were located in 218 genes with predicted effects ranging from 

synonymous amino acid changes to alternations in gene expression and protein 

structure. We established the putative identity and functionality of 133 of the 218 

genes based on published annotations, listed in Supplementary Table 1. 29 genes were 

located on chromosome 1, two on chromosome 3, eight on chromosome 4, 90 on 

chromosome 7, and four on chromosome 8. Interestingly, the high FST block on 

chromosome 7 did not include the LAC1 gene, which was located ~83kb upstream of 

the block. The remaining 85 genes were recognized as ‘hypothetical proteins’ or 

‘expressed proteins’, with no further details available on their function.   

 

 

Figure 3: FST of genome-wide SNPs. In this dataset, FST values range from 0 to 1. Most SNPs with 

high FST values occur in three blocks on chromosomes 1 and 7.  
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Table 1: Summary of annotations of the 2196 SNPs with a FST value greater than 0.4. 

Predicted effect Number of SNPs 

Synonymous variant 772 

Missense variant 369 

Intron variant 334 

Intergenic region 254 

5’ UTR variant 154 

3’ UTR variant 144 

Splice region variant and intron variant 78 

Intragenic variant 38 

5’ UTR premature start codon gain variant 16 

Non-coding transcript variant 10 

Splice region variant and synonymous variant 10 

Missense variant and splice region variant 8 

Splice region variant 4 

Splice acceptor variant and intron variant 1 

Splice donor variant and intron variant 1 

Start lost 1 

Stop lost 1 

Stop retained variant 1 

Total 2196 

 

Gene expression of candidate genes  

We used RT-qPCR to quantify the expression of six candidate genes in the two 

parental strains. We selected CNA03280 (transcriptional activator gcn5) and 

CNA04110 (ER organization and biogenesis-related protein, putative) located within 

the 250kb block of  high FST SNPs on chromosome 1, CND00350 (low-affinity zinc 

ion transporter, putative) associated with a high FST SNP on chromosome 4, and 

CNG02120 (calcium ion binding protein, putative), CNG02270 (ligand-regulated 

transcription factor, putative), and CNG02140 (mitotic spindle assembly -related 

protein, putative), which were located within the 259kb fragment of high FST SNPs on 

chromosome 7. All six genes showed significantly differential expression between the 
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two parental strains under melanized conditions (Figure 4). The expression of the 

calcium ion binding protein was significantly higher in NIH-433, the high melanin 

producing parent, while the expression of the remaining five genes was significantly 

higher in JEC21, the lower melanin producer.  

 

Figure 4 Differential gene expression of six candidate genes in the two parental strains. Gene 

expression was quantified using RT-qPCR and differential expression was calculated using the delta Cq 

method. 

 

LAC1 allele swap 

To determine the contribution of genetic polymorphisms of the LAC1 locus to melanin 

variance, we used CRISPR-Cas9 to conduct an allele swap between JEC21 and 

GRLMM26HO1–2, an environmental strain from Greece that produces significantly 

more melanin at 30C. The two strains differ at the LAC1 locus by several SNPs: three 

SNPs are located within introns, while 13 SNPs are found within exons, six of which 

cause non-synonymous amino acid changes. We replaced a 853-bp fragment within 

the first half of the LAC1 coding region in JEC21 with that of GRLMM26HO1–2, 

which incorporated three non-synonymous SNPs (Figure 5). The resulting 

recombinant strain, named GJ1, contained a recombinant LAC1 gene in a JEC21 

genetic background. We quantified the melanin production of GJ1, JEC21 and 

GRLMM26HO1–2 at both 30C and 37C. As expected, GRLMM26HO1–2 produced 

significantly more melanin than JEC21 at both temperatures. GJ1 was 
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indistinguishable from the recipient strain, JEC21, in melanin production, suggesting 

that the three SNPs altered in the allele swap do not contribute to melanin variance 

observed between JEC21 and GRLMM26HO1–2 (Figure 6).  

 

 

 

 

Figure 5: LAC1 gene codes for a laccase essential for melanin production in Cryptococcus 

deneoformans. LAC1 coding region is 2590bp long and consists of 14 exons. The six non-synonymous 

SNPs between recipient strain, JEC21 and donor strain, GRLMM26HO1–2  are marked in red and the 

amino acid changes are noted within parantheses. We replaced a 853bp region in JEC21 with that of 

GRLMM26HO1–2. 

 

Figure 6 Melanin production of GRLMM26HO1–2, GJ1 and JEC21 at 30C.  The first half of 

LAC1 in JEC21 was replaced with that of GRLMM26HO1–2. The resulting recombinant strain, GJ1 

with the NAT resistance marker, was indistinguishable from JEC21 in melanin pigmentation. 

4.5 Discussion 

Melanin biosynthesis in C. neoformans and C. deneoformans is a complex 

biochemical process, requiring careful coordination between synthesis, transport, and 

cell wall deposition of melanin pigments (reviewed in [13]). Each step is mediated and 

regulated by a multitude of regulatory elements and major signaling pathways, making 

melanin biosynthesis one of the most complex metabolic processes to take place in 

these yeast cells. Theoretically, any of the hundreds of genes involved in melanization 
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could contribute to intraspecific variation in pigmentation, requiring broad-scale, 

genetic techniques to map melanin QTLs. In this study, we applied BSA for the first 

time in C. deneoformans to dissect genetic loci associated with melanin variance. Our 

results confirm the quantitative nature of melanin production in C. deneoformans, 

with mating between closely related strains generating offspring with significant 

phenotypic diversity. 

Most previous studies investigating genetic, molecular, and biochemical properties of 

melanisation have focused on C. neoformans, with a distinct lack of similar studies 

conducted on the sister species C. deneoformans. Given the 10-15% differentiation in 

nucleotide identity between the two species, the genetic architecture and dynamics 

behind phenotypic variance in virulence factors could also differ between them [33–

35]. The recent QTL analysis of major virulence factors by Roth and colleagues is the 

only study we are aware of that elucidated melanin QTLs in C. deneoformans 

specifically [20]. In the current study, we identified 218 genes associated with 2196 

genome-wide SNPs as potential melanin QTLs in C. deneoformans. RIC8, a guanine 

nucleotide exchange factor for Gpa1, identified by Roth and colleagues as a melanin 

QTL was not flagged as a candidate QTL in our mapping population. The two studies 

differed in the parental strains used and how the mapping population was generated. 

Roth et al. combined segregants from two crosses, one unisexual and one bisexual, to 

generate their mapping population. Strains 431α, XL280αSS, and XL280a were used 

as parents, with the latter two being congenic strains, differing only at the mating 

locus, URA5 gene and a partial duplication of the left arm of chromosome 10. Our 

mapping population was drawn from a single mating event between two, related but 

non-congenic strains. Findings of the two QTL studies suggest that gene expression 

dynamics underlying phenotypic variance can be highly dependent on the genetic 

background.  

Our BSA analysis revealed 5 blocks on chromosomes 1, 4 and 7, ranging in size from 

6kb to 527kb, that were significantly differentiated between high and low melanin 

pools. Together, these blocks contained 207 genes, with putative functionality 

identified for 127, each of which is a potential melanin QTL in our population. Since 

the block on chromosome 7 did not include LAC1, genetic polymorphisms at LAC1 
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are likely not a significant contributor to melanin variance in this F1 population. The 

appearance of large blocks of high FST SNPs could be due to lack of recombination in 

these regions between the parental chromosomes.  A conservative estimate of the 

number of QTLs identified in this study would be 19, accounting for one gene per 

each of the five blocks, and three, two, one and eight genes associated with individual, 

high FST SNPs located on chromosomes 3, 5, 6 and 8 respectively. Since the two 

parental strains share ~50% genetic ancestry, the true number of QTLs could be 

double the estimated number here.  

A previous study identified 27 transcription factors (TF) in the C. neoformans clinical 

strain H99, which, when deleted, led to an increase or decrease in melanin production 

[36]. We identified homologs of these TFs in the JEC21 genome via BLAST searches: 

homologs of three TFs, namely SKN7, CUF1 and BZP4, were located within the block 

on chromosome 7, suggesting that these TFs could be contributing to melanin 

variance in C. deneoformans. A later study identified Bzp4 as one of four core TFs 

involved in the regulation of melanin production in C. neoformans. Our results 

indicate that Bzp4 may play a critical role in not only the regulation but variance of 

melanin pigmentation between C. deneoformans strains as well. A previous functional 

analysis of kinases in C. neoformans strain H99 identified 26 kinases, when deleted, 

led to melanin production being enhanced or reduced [37]. When we identified 

homologs of these genes in the JEC21 genome via BLAST searches, we determined 

that genes of three kinases, namely PKA1, KIC1 and CDC2801, were located within 

the 294kb block on chromosome 1 while another kinase, TCO6, was located within 

the 62kb block on the same chromosome. Overall, our results suggest that homologs 

of three TFs and four kinases, previously identified in C. neoformans as involved in 

regulation of melanin synthesis, contribute to intraspecific melanin variance in C. 

deneoformans.  

Our RT-qPCR assays confirmed differential expression of six candidate genes in 

melanized parental strains, implicating them as melanin QTLs contributing to 

phenotypic variance in our C. deneoformans mapping population. Two are regulators 

of gene expression, namely histone acetyltransferase GCN5 (CNA03280) and a 

ligand-regulated transcription factor (CNG02270). While melanin production was not 
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affected when GCN5 was disrupted in the C. neoformans strain H99, other studies 

found melanin production to be affected when C. neoformans strains were grown in 

the presence of drugs that inhibited histone deacetylases like GCN5 [38,39]. The third 

novel melanin QTL we identified was a low-affinity zinc ion transporter (CND00350) 

located on chromosome 4. Zinc ion transporters were shown to be essential for 

virulence in the closely related, pathogenic yeast, Cryptococcus gattii, whose melanin 

production was significantly reduced when the zinc ion transporter, Zip3, was 

disrupted [40]. The fourth QTL was annotated as a calcium ion binding protein 

(CNG02120) located on chromosome 7. C. neoformans cells rely on calcium ions for 

correct vacuole acidification which is essential for its virulence, with impaired 

vacuolar activity resulting in loss of virulence, as well as decreased production of 

melanin production in C. neoformans strain H99 [41,42]. The ER organization and 

biogenesis-related protein (CNA04110) and mitotic spindle assembly-related protein 

(CNG02140), located on chromosomes 1 and 7 respectively, were also identified by 

our gene expression assays as putative, novel melanin QTLs. The contribution of these 

genetic loci to melanin variance in C. deneoformans should be further validated via 

gene knockout and complementation experiments.  

BSA is an experimental approach commonly applied in the model yeast S. cerevisiae 

to study the genetic architecture of complex, quantitative traits. BSA, when combined 

with functional validation assays, can be a powerful tool to identify hundreds of QTLs 

contributing to a phenotype in a short amount of time. A recent study identified 51 and 

96 QTLs affecting growth and survival respectively in S. cerevisiae, with downstream 

experiments confirming the identity of three, novel genes contributing to the 

phenotypes [43]. Our combined BSA and gene expression assays identified six, 

putative melanin QTLs that have not been implicated in melanin variance in any 

previous studies. Our study highlights the complex genetic backdrop of melanin 

production, an essential virulence factor, in C. deneoformans, and opens up the 

opportunity to expand our understanding of cryptococcal biology and virulence.  
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4.6 Materials and Methods  

Strains, media, and generation of F1 progeny 

We selected JEC21 (mating type α), a low melanin producing, standard laboratory 

strain, and NIH-433 (mating type a), a high melanin producing environmental strain 

isolated from a pigeon nest in Denmark, as parental strains. The two strains share 

~50% genetic ancestry, due to JEC21 being congenic to JEC20 who was the meiotic 

progeny of a cross between NIH-433 and NIH-12 [44]. In addition to their phenotypic 

variance in melanin production, JEC21 and NIH-433 differ at the LAC1 locus by 

several single nucleotide polymorphisms that were previously shown to be 

significantly associated with melanin variance [45]. We mixed equal amounts of the 

two strains in cell suspensions of 1 x 105 cells/ml in nuclease-free water. We spotted 

10ul of the cell mixture on to Murashige and Skoog (MS) agar medium with an 

adjusted pH of 5. We prepared several mating plates with multiple mating spots and 

incubated them at 23C in the dark for ~4 weeks until robust hyphal growth was 

visible around the colonies. To collect basidiospores, we cut out a small square of agar 

containing hyphae using a sterile scalpel, being careful not to touch the colony with 

parental yeast cells. The agar piece was crushed using a sterile, blue stick in a 2ml 

Eppendorf tube, suspended in 1ml of 0.2% Tween solution and vortexed for 5 minutes 

with 200ul of 0.6mm glass beads to extract spores from agar into the solution. This 

solution was passed through a syringe filter with a pore size of 5µm pore size 

(Millipore Sigma catalog no: SLSV025LS) to further exclude any parental yeast and 

hyphal cells. The filtered solution was spread onto Yeast Extract-Potato-Dextrose 

(YEPD) agar plates and incubated for 2-3 days at 30C until germinated colonies 

appeared. Colonies were sub-cultured onto fresh YEPD plates and streaked for single 

colonies to obtain pure F1 progeny strains.   

Melanin quantification assay 

We quantified the melanin production of parental and progeny strains on caffeic acid 

plates at 30C using spot densitometry, following the protocol outlined in [45].  

Bulk segregant analysis  
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We combined the 25 highest and 25 lowest melanin producing progeny strains in our 

F1 population to form the high and low melanin pools respectively. We grew the 

selected 50 strains on YEPD for 3 days to obtain fresh cells. We suspended cells in 

nuclease-free water and used a cell counter to adjust the concentration to 1 x 106 

cells/ml. For each pool, we combined equal volumes of the 25 cell suspensions to 

obtain a cell mixture with each strain equally represented. We extracted genomic 

DNA from the two cell mixtures (i.e. high and low melanin pools) as well as from the 

two parental strains using the standard chloroform-isoamyl alcohol method, outlined 

in [21]. We performed Illumina sequencing on a Hiseq 2000 platform at 90x coverage 

for the parental strains and 100x coverage for the pools. Sequencing was performed at 

The Center for Applied Genomics in Toronto, Canada.  

Bioinformatics workflow  

After performing quality checks on raw read files using FastQC and MultiQC [46], we 

trimmed adapter sequences off the raw reads using Trimmomatic [47]. We mapped 

the raw reads of our four samples (JEC21, NIH-433, high melanin pool and low 

melanin pool) to the JEC21 reference genome available on NCBI (Genbank assembly 

accession: GCA_000091045.1) using the Burrows-Wheeler Aligner [48]. We sorted 

and removed duplicate reads from the resulting BAM files using Picard Tools. We 

used the VarScan variant caller to identify genetic polymorphisms (SNPS and 

Insertion/Deletions) in our four samples against the JEC21 reference genome [49]. We 

used GATK tools to extract SNPs from the variants file which were then hard filtered 

to remove low-quality SNPs [50]. Next, we used SnpEff [51] to annotate the SNPs 

based on the published JEC21 gene annotations. We used the poolfstat package [52] in 

R to calculate the f-statistic (Fst) for each SNP which is a measure of its 

differentiation between the two pools.  

RT-qPCR to determine gene expression of potential QTLs 

First, we extracted SNPs from the full dataset that were predicted to be located 

upstream of genes and could affect their expression. Within this subset, we selected 

the SNPs with the highest Fst values and identified the genes located immediately 

downstream of them. We selected six genes with reliable annotations of identity and 
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function as potential QTLs: we avoided picking genes that were simply annotated as 

hypothetical proteins. We used the IDT PrimerQuest™ Tool to design qPCR primers 

spanning exon-exon junctions of the mRNA of the six genes. We performed a melanin 

assay on the two parental strains and extracted total RNA after 7 days’ incubation 

following the protocol outlined in [12]. We performed reverse transcriptase-qPCR 

(RT-qPCR) on extracted RNA samples using the Luna University One-Step RT-qPCR 

kit (NEB catalog no: E3005X) to quantify the mRNA levels of the six, candidate 

genes in the parental strains when melanized. In all RT-qPCR assays, we used actin as 

the reference gene. Primers used for RT-qPCR are listed in Supplementary Table 3.  

LAC1 allele swap using CRISPR-Cas9 

In a previous study, we identified SNPs located within the LAC1 coding region that 

were significantly correlated with melanin variance among 54 natural C. 

deneoformans strains [12]. We selected GRLMM26HO1–2, an environmental strain 

isolated from an Olive tree in Greece, as the allele donor in the LAC1 allele swap 

experiment due to its high melanin production at 30C. We replaced the first half of 

LAC1’s coding region in JEC21 with that of GRLMM26HO1–2, which included three 

non-synonymous SNPs, using Transient CRISPR-Cas9 Coupled with Electroporation 

(TRACE) technique, as outlined in [53,54]. In the same TRACE reaction, we 

introduced two DNA constructs into the recipient cells: i) LAC1 allele swap construct, 

ii) NEO construct.  

We built the LAC1 construct by using NEBuilder® HiFi DNA Assembly Master Mix 

(NEB catalog no: E2621X) to ligate the LAC1 allele fragment from the donor strain 

and the 5’ and 3’ arms from the recipient strain into the linearized plasmid vector, 

pBSKS-. The assembled product was transformed into NEB 10-beta competent E. coli 

cells (NEB catalog no: C3019) following manufacturer’s transformation protocols. 

We introduced the geneticin (G418) resistance marker, NEO, using linearized plasmid 

pCF3, to the Safe Haven genomic region during the same TRACE reaction to 

facilitate selection of successful transformants [55]. We used Q5 Hot Start High-

Fidelity 2X Master Mix (NEB catalog no: M0494X) for all polymerase chain 

reactions (PCR). Primers we designed for our TRACE reactions are listed in 
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Supplementary Table 3. Electroporation was carried out using a BioRad MicroPulser 

Electroporator at 2000V (time constant was not adjustable).  

We selected one transformant that was resistant to G418 and confirmed the successful 

allele swap by sequencing the full LAC1 gene. This recombinant strain was named 

GJ1. We quantified the melanin production of GJ1, along with donor and recipient 

strains, using our melanin quantification assay, mentioned above.  

4.7 Supplementary Data 

Supplementary Table 1: Annotations and FST values of 2196 SNPs with FST greater than 0.4  

Please click on the following link to access the table.  

https://docs.google.com/spreadsheets/d/1pNLPslylzB2pvw01lgSTSYFPALGXFDSm/edit?usp=sharing

&ouid=106686285052112798692&rtpof=true&sd=true 

Supplementary Table 2: Annotations of 218 genes associated with the high FST SNPs  

Please click on the following link to access the table.  

https://docs.google.com/spreadsheets/d/1kElXx_egBSFKhKN6p3vPR0eMsMNyMGkZ/edit?usp=shari

ng&ouid=106686285052112798692&rtpof=true&sd=true 

Supplementary Table 3: Primers used in RT-qPCR and TRACE 

Please click on the following link to access the table.  

https://docs.google.com/spreadsheets/d/1_YtOUb2poVsRxF6n-

QSRZYYti6xffoP_/edit?usp=sharing&ouid=106686285052112798692&rtpof=true&sd=true 

  

https://docs.google.com/spreadsheets/d/1pNLPslylzB2pvw01lgSTSYFPALGXFDSm/edit?usp=sharing&ouid=106686285052112798692&rtpof=true&sd=true
https://docs.google.com/spreadsheets/d/1pNLPslylzB2pvw01lgSTSYFPALGXFDSm/edit?usp=sharing&ouid=106686285052112798692&rtpof=true&sd=true
https://docs.google.com/spreadsheets/d/1kElXx_egBSFKhKN6p3vPR0eMsMNyMGkZ/edit?usp=sharing&ouid=106686285052112798692&rtpof=true&sd=true
https://docs.google.com/spreadsheets/d/1kElXx_egBSFKhKN6p3vPR0eMsMNyMGkZ/edit?usp=sharing&ouid=106686285052112798692&rtpof=true&sd=true
https://docs.google.com/spreadsheets/d/1_YtOUb2poVsRxF6n-QSRZYYti6xffoP_/edit?usp=sharing&ouid=106686285052112798692&rtpof=true&sd=true
https://docs.google.com/spreadsheets/d/1_YtOUb2poVsRxF6n-QSRZYYti6xffoP_/edit?usp=sharing&ouid=106686285052112798692&rtpof=true&sd=true
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Chapter 5 

 

Hybrids and Hybridization in the Cryptococcus 

neoformans and Cryptococcus gattii Species 

Complexes 

 

5.1 Preface 

The pathogenic species of the Cryptococcus genus include C. neoformans, C. 

deneoformans and C. gattii. The three species differ in cell capsule structure, 

geographical distribution, pathogenicity, and host range. Ongoing hybridization 

between the three species in natural environments is evidenced by the presence of 

hybrid strains in environmental sources and the increasing prevalence of infections 

caused by hybrids in clinical settings. In this literature review, we synthesized the 

current state of knowledge on the global epidemiology of cryptococcal hybrids and 

identified them as a model system for studying hybridization among yeast species. We 

identified knowledge gaps in cryptococcal hybrid research and proposed experimental 

frameworks that could address them.  

There is an ongoing debate on whether C. neoformans and C. deneoformans should be 

considered separate species. This review paper uses an alternative nomenclature 

system where C. neoformans and C. deneoformans are designated as varieties of a 

single species complex. This manuscript is published in Infection, Genetics and 

Evolution volume 66, pages 245-255. I am the primary contributor of this work. I 

conducted the literature review, analyses and drafting of the manuscript. Dr. Jianping 

Xu is a co-author and made significant contributions to the manuscript. 
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5.2 Abstract 

The basidiomycetous yeasts of the Cryptococcus neoformans and Cryptococcus gattii 

species complexes (CNSC and CGSC respectively) are the causative agents of 

cryptococcosis, a set of life-threatening diseases affecting the central nervous system, 

lungs, skin, and other body sites of humans and other mammals. Both the CNSC and 

CGSC can be subdivided into varieties, serotypes, molecular types, and lineages based 

on structural variations, molecular characteristics and genetic sequences. 

Hybridization between the haploid lineages within and between the two species 

complexes is known to occur in natural and clinical settings, giving rise to 

intraspecific and interspecific diploid/aneuploid hybrid strains.  Since their initial 

discovery in 1977, cryptococcal hybrids have been increasingly discovered in both 

clinical and environmental settings with over 30% of all cryptococcal infections in 

some regions of Europe being caused by hybrid strains. This review summarizes the 

major findings to date on cryptococcal hybrids, including their possible origins, 

prevalence, genomic profiles and phenotypic characteristics. Our analyses suggest that 

CNSC and CGSC can be an excellent model system for studying fungal hybridization. 

5.3 Introduction 

Biological hybridization refers to sexual mating between two organisms belonging to 

genetically different populations, varieties, and species. Hybridization is a common 

occurrence in many species of plants, animals, and eukaryotic microbes such as fungi. 

The genotypic and phenotypic consequences of hybridization are often unpredictable 

with possible outcomes ranging from hybrid inviability to hybrid vigor. Hybrid 

offspring can yield novel information about the genetic bases of phenotypic 

differences between their parents and the evolutionary trajectory of the parental 

populations. In addition to being an interesting and widespread phenomenon from an 

evolutionary perspective, hybridization and hybrids can also have applied 

significance. For example, commercial agricultural practices have been increasingly 

adopting hybrid cultivars due to their higher yields and other favorable traits 

(reviewed in Goulet et al., 2017). Similarly, some of the deadly pathogens responsible 

for outbreaks were generated through hybridization events, including strains of the 

human parasite Toxoplasma gondii (Wendte et al., 2010) and the causative strain of 
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H1N1 influenza pandemic in 2009 (Christman et al., 2011).  Saccharomyces 

pastorianus, the yeast used in lager beer production, was shown to be an interspecific 

hybrid between Saccharomyces cerevisiae and Saccharomyces eubayanus (Krogerus 

et al., 2017; Libkind et al., 2011).  

The closely related, basidiomycetous yeasts of the Cryptococcus neoformans and 

Cryptococcus gattii species complexes (CNSC and CGSC) are the causative agents of 

life-threatening cryptococcosis in humans and other mammals. Hybridization is 

known to occur between haploid isolates of different lineages within the same species 

complex (in this review called intraspecific hybrids) as well as between isolates 

belonging to the two sister species complexes (interspecific hybrids), giving rise to 

diploid/aneuploid hybrid strains. While C. neoformans was first described in 1894 

(Busse, 1894; Sanfelice, 1894), hybrid cryptococcal strains were not discovered until 

the late 1970s (Bennett et al., 1977). Since then, significant research efforts have 

focused on elucidating the origin, genetic composition and phenotypic patterns of 

these hybrids, especially in the light of their increasing prevalence among clinical 

samples in certain European regions. Furthermore, the fully-sequenced genomes, well-

developed morphological and phenotypic assays, and ease of genetic manipulation 

make the human pathogenic Cryptococcus an ideal model system for studying 

hybridization. This review aims to describe the current body of knowledge on 

cryptococcal hybrids including possible origins, mechanisms for subsequent evolution 

and their genetic and phenotypic profiles in comparison to the parental populations.  

5.4 C. neoformans and C. gattii species complexes 

The basidiomycetous yeasts of the CNSC and CGSC are the causative agents of 

cryptococcosis, a set of life-threatening diseases affecting the central nervous system, 

skin, lungs, and other body sites in humans and other mammals (Charlier et al., 2009; 

Goldman et al., 1994; Husain et al., 2001). Cryptococcal infections are among the 

most common fungal infections of the central nervous system, clinically presenting as 

inflammation of the meninges leading to meningoencephalitis (Del Valle and Pina-

Oviedo, 2006).  Each year, approximately 220 000 cases of cryptococcal meningitis 

are diagnosed worldwide with 180 000 of them resulting in mortality (Rajasingham et 

al., 2017). While naturally found in soil, pigeon droppings and tree barks, C. 
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neoformans and C. gattii can enter hosts via the respiratory tract upon inhalation of 

the spores (Velagapudi et al., 2009). Once established within the alveoli of the lungs, 

cryptococcal cells can disseminate into the bloodstream resulting in infections at 

secondary sites. They can cross the blood-brain barrier to infect the meninges, the 

protective three-layered membrane that encloses the brain and spinal cord, leading to 

fatal meningoencephalitis (Stie and Fox, 2012; Vu et al., 2014). The host immune 

system combats the invading yeast cells by incorporating them into macrophages 

through phagocytosis inside which the yeast cells are bombarded with oxygen and 

nitrogen radicals that could cause fatal cellular damage (Forman and Torres, 2002; 

Nathan and Shiloh, 2000). Cryptococcal pathogens have evolved mechanisms to 

counteract these host immune responses, leading to their persistence as an intracellular 

parasite within mammalian macrophages (Alvarez and Casadevall, 2007; Feldmesser 

et al., 2000; Ma et al., 2007; Voelz et al., 2009). If left untreated, cryptococcal 

infections will be fatal to the host.   

Extensive genetic diversity exists among isolates in environmental and clinical 

populations of CNSC and CGSC with various molecular techniques such as amplified 

fragment length polymorphisms (AFLP), PCR fingerprinting, and multilocus sequence 

typing being routinely used to identify the different genotypes (Boekhout et al., 2001; 

Cogliati, 2013; Fraser et al., 2005; Litvintseva et al., 2006; Meyer et al., 1993, 1999, 

2003, 2009; Taylor and Fisher, 2003; Viviani et al., 1997). Cryptococcal strains are 

also categorized into four main serotypes named A, B, C and D based on the structural 

variations in glucuronoxylomannan (GAXM), the most abundant polysaccharide in the 

cryptococcal capsule (Bhattacharjee et al., 1984). The serotypes and molecular 

genotypes show broad correlations (Table 1; Figure 1). Strains of serotype A belong 

to one of three molecular types (VNI, VNII and VNB) and three AFLP genotypes 

(AFLP1, AFLP1A and AFLP1B). Serotype D strains correspond to molecular types 

VNIV and AFLP2. Hybrids derived from mating between serotype A and D isolates, 

termed AD hybrids, are assigned molecular types VNIII and AFLP3. Together, 

serotypes A, D and AD hybrids make up the Cryptococcus neoformans species 

complex. Serotypes A and D have been elevated to variety status, with serotype A 

designated C. neoformans var. grubii and serotype D designated C. neoformans var. 
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neoformans (Franzot et al., 1999). Serotypes B and C do not strictly correspond to 

separate molecular types but seem to share the four VG molecular types, VGI to 

VGIV, and five AFLP genotypes (AFLP4, AFLP5, AFLP6, AFLP7, AFLP10): 

together, they form the Cryptococcus gattii species complex. Unlike A and D, 

serotypes B and C have not been granted variety status (Kwon-Chung et al., 2017). 

Phylogenetic analyses based on nuclear and mitochondrial gene sequences support the 

existence of these distinct lineages within CNSC and CGSC (Hagen et al., 2015, 

reviewed in Xu et al., 2011).  There is an ongoing debate as to whether each lineage 

should be designated a distinct species or maintained as different varieties and 

molecular types within the larger species complexes (Hagen et al., 2017, 2015; Kwon-

Chung et al., 2017; Kwon-Chung and Varma, 2006). While we use the species 

complex nomenclature in this paper, we have provided the proposed, alternative 

names for the different lineages in Table 1 to help readers keep track of the historical 

and ongoing developments.  

Table 1: Recently proposed names for the C. neoformans and the C. gattii species complexes 

Current name Serotype(s) Molecular type(s) Proposed new species 

name 

C. neoformans 

      var. grubii 

 

      var. neoformans 

 

   

A VNI/VNII/VNB 

(AFLP1, AFLP1A, AFLP1B) 

C. neoformans 

D VNIV (AFLP2) C. deneoformans 

AD hybrid  A, D, or AD VNIII (AFLP3) C.neoformans × C. 

deneoformans hybrid 

C. gattii B, C VGI (AFLP4) C. gattii 

VGII (AFLP6) C. deuterogattii 

VGIII (AFLP5) C. bacillisporus 

VGIV (AFLP7) C. tetragattii 

VGIV/VGIIIc (AFLP10) C. decagattii 

BD hybrid BD AFLP8 C. deneoformans × C. 

gattii hybrid 

AB hybrid AB AFLP9 C. neoformans × C. gattii 

hybrid 

AB hybrid AB AFLP11 C. neoformans × C. 

deuterogattii hybrid 

*adapted from (Hagen et al., 2015; 2017; Kwon-Chung et al., 2017) 
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Figure 1: Estimated divergence times between the cryptococcal lineages. C. neoformans species 

complex (CNSC) and the C. gattii species complex (CGSC) include several, diverged 

lineages/molecular types whose phylogenetic relationships are supported by sequence analyses. CNSC 

includes serotype A (molecular types VNI, VNII, VNB), serotype D (VNIV) and AD hybrids (VNIII). 

CGSC includes serotypes B and C and molecular types VGI to VGIV. The split between CNSC and 

CGSC occurred approximately ~80-100 million years ago. Serotypes A and D separated ~20 MYA 

while the CGSC lineages diverged from each other approximately ~12 MYA (Casadevall et al., 2017; 

D’Souza et al., 2011; Sharpton et al., 2008; Xu et al., 2000).  

 

Up until the early 2000s, C. gattii was considered a variety of CNSC and was referred 

to as C. neoformans var. gattii. Accumulation of empirical data over the years 

showing the divergence of CGSC strains from CNSC in DNA sequence, morphology, 

ecology, epidemiology, and virulence led to it being recognized as a separate species 

in 2002 (Kwon-Chung et al., 2002). Indeed, the sister species complexes CGSC and 

CNSC show characteristic differences in geographical distribution, morphology and 

virulence. CNSC is primarily an opportunistic pathogen that infects 

immunocompromised individuals although infections in apparently healthy 

individuals have been reported (Arsenijevic et al., 2014; Chen et al., 2008; Favalessa 

et al., 2014; M. Li et al., 2012). In contrast, CGSC strains belonging to the prevalent 

VGI and VGII lineages are able to cause infections primarily in immunocompetent 

hosts (Chen et al., 2014, 2012; Phillips et al., 2015). CGSC strains are often found on 

decaying tree barks whereas CNSC is typically associated primarily with pigeon 
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excreta and soil, and sometimes trees (Cogliati et al., 2016; Mitchell et al., 2011). 

CGSC was originally thought to be restricted to tropical and subtropical regions until 

in 2001 a major cryptococcal outbreak caused by a recombinant strain of CGSC 

emerged in Vancouver Island in British Columbia, Canada (Kidd et al., 2004; Kwon-

Chung and Bennett, 1984; Sorrell, 2001). CGSC natural isolates and clinical cases 

have since been reported in Pacific Northwest of the US, other regions in North 

America, South America, Europe and Asia (Cogliati, 2013).  Within CNSC, C. 

neoformans var. grubii has a worldwide distribution with the majority of all reported 

clinical and environmental isolates in Europe, Asia and Africa (59%, 81% and 68% 

respectively) belonging to this variety (Cogliati, 2013). Given the tropical climate, 

CGSC isolates are predominant in Oceania countries (39%) followed by C. 

neoformans var. grubii at 27% (Cogliati, 2013). C. neoformans var. neoformans also 

has a global distribution but is more commonly found in temperate climates, 

especially in Europe where it is responsible for ~30% of all reported cryptococcal 

infections (Arsenijevic et al., 2014; Viviani et al., 2006). 

5.5 Sexual cycle of CNSC and CGSC  

C. neoformans and C. gatii have a heterothallic mating system with haploid strains 

belonging to one of two mating types as determined by the mating type locus (MAT) 

located on chromosome 4 (Lengeler et al., 2002). When fertile MATa and MATα 

strains come into contact with each other, the cells fuse and form a dikaryotic hypha 

inside which the two haploid nuclei co-exist within each cell (Kwon-Chung, 1976a, 

1976b, 1975). At the terminus of each hypha, the cells enlarge forming a basidium 

within which the two haploid nuclei fuse to form a diploid nucleus. This is then 

followed by one round of DNA replication and meiosis to produce four, recombinant, 

haploid nuclei (Idnurm, 2010). These nuclei then undergo multiple rounds of mitosis 

with each haploid progeny nucleus packaged into one basidiospore. Each basidium 

typically has four chains of basidiospores. These sexual spores are then released into 

the environment and can infect humans as well as other hosts (Velagapudi et al., 

2009).  

The prevalence of the two MAT alleles varies among wild populations of CNSC and 

CGSC. MATa allele is rare in natural populations of CNSC with less than 1% of 
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strains in most populations belonging to this mating type (Chowdhary et al., 2011; 

Feng et al., 2008; Freire et al., 2012; Keller et al., 2003; Lengeler et al., 2000; 

Sanchini et al., 2014; Viviani et al., 2003; Yan et al., 2002). Therefore, the global 

CNSC populations were thought to be clonal until evidence of sexual recombination 

was found in the form of incongruent gene genealogies and linkage equilibrium 

between loci (Hiremath et al., 2008; Litvintseva et al., 2005; Xu et al., 2000; Xu and 

Mitchell, 2003). Later, environmental VNI strains of opposite mating types isolated 

from similar areas in Spain were shown to be fertile and capable of mating with each 

other in the laboratory, suggesting that CNSC populations can undergo sexual 

recombination in nature (Cogliati et al., 2016). Furthermore, a unique serotype A 

population was discovered in Botswana where 25% of the population was carrying the 

rare MATa allele (Litvintseva et al., 2003). This population was given the molecular 

type VNB and was determined to be highly recombinant. Originally thought to be 

endemic to Botswanan, VNB strains have since been isolated from other regions in 

South Africa and South America (Litvintseva et al., 2011; Rhodes et al., 2017). 

Recombinant genotypes in nature could also be generated through same-sex mating 

between MATα strains (Lin et al., 2005). Same-sex mating has been demonstrated in 

the lab while phylogenetic incompatibility, a signature of recombination, has been 

reported from populations composed exclusively of MATα strains (Hiremath et al., 

2008; Lin et al., 2005; Ni et al., 2013). In CGSC, the MATa:MATα ratio can vary 

significantly between populations depending on the molecular type and geographical 

origin of the isolates. One study found VGI strains isolated from patients in China to 

be exclusively MATα (Feng et al., 2008) while another study found the prevalence of 

MATa among clinical and environmental VGI isolates in Apulia, Italy to be 95% 

(Montagna et al., 2018). In contrast, MATα is more prevalent in VGIII populations 

with the proportion of MATa strains reported to be as low as 0%-10% in some 

populations (Escandon et al., 2006; Lockhart et al., 2013; Hagen et al. 2015).  

Sexual reproduction can occur between different molecular types within each species 

complex as well as between strains of CNSC and CGSC, giving rise to intraspecific 

and interspecific cryptococcal hybrids respectively. Analysis of the mating type 

pheromone gene MFα in 122 strains encompassing C. gattii, C. neoformans var. 
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grubii and C. neoformans var. neoformans revealed single nucleotide polymorphisms, 

chromosomal locations and gene copy numbers unique to each lineage (Chaturvedi et 

al., 2002).  However, despite these differences, selected MATα strains of serotypes A, 

B, C and D were able to mate with MATa tester strains of C. neoformans var. 

neoformans (NIH430 and NIH433), suggesting that there is limited pre-zygotic 

reproductive isolation among cryptococcal lineages. 

5.6 Intraspecific hybrids  

CNSC hybrids 

AD hybrids (VNIII, AFLP3), arising from hybridization between serotype A (VNI, 

VNII, VNB) and serotype D (VNIV), were the first cryptococcal hybrids to be 

identified. In an epidemiological survey conducted in the United States in 1977, 11 

out of the 272 tested cryptococcal isolates consistently reacted with both A and D 

antisera and were therefore typed as AD hybrids (Bennett et al., 1977). Since then, AD 

hybrids who are assigned the molecular type VNIII have been isolated from 

environmental and clinical sources in many countries (Table 2). In an interesting 

twist, the original C. neoformans isolate discovered in peach juice from Italy in 1894 

which was thought to be of serotype D was recently determined to be an AD hybrid 

(Boekhout et al., 2001; Sanfelice, 1894; Viviani et al., 1997). In fact, AD hybrids are 

the most common of all cryptococcal hybrids: globally, AD hybrids show the highest 

prevalence in Europe at 18%, followed by the United Sates at 6% (Cogliati, 2013).   

Most AD hybrids are heterozygous and diploid at the MAT locus with each allele 

likely to have originated from one parent (Cogliati et al., 2001). The majority of the 

AD hybrids identified to date contain MATα of the A parent (Aα) and MATa of the D 

parent (Da), forming αADa hybrids (Cogliati et al., 2006; Desnos-Ollivier et al., 

2015). Albeit less common, hybrids with aADα mating type combination have also 

been reported (Arsenijevic et al., 2014; Lengeler et al., 2001; Litvintseva et al., 2007; 

Yan et al., 2002). AD hybrids generated from same-sex mating in nature as well as in 

laboratory have also been reported. For example, in 2007, three environmental isolates 

collected from pigeon excreta in North Carolina, USA were determined to be αADα 

hybrids (Lin et al., 2007). The researchers were then able to construct an αADα hybrid 

in the laboratory using H99 (Aα) and JEC21 (Dα). Same-sex AD hybrids have since 
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been reported in Italy (W. Li et al., 2012) and Libya (Ellabib et al., 2016).  In addition 

to hybrids generated from strains of different serotypes, hybrids produced from mating 

of strains belonging to the same serotype (but different molecular types or lineages) 

have also been detected in natural cryptococcal populations. For example, a clinical 

isolate from Apulia, Italy was determined to be an αDDα hybrid (Montagna et al., 

2018). A survey of 489 clinical and environmental isolates of CNSC encompassing 

strains from six continents (Asia, Africa, Australia, Europe, and North and South 

Americas) revealed 19 αAAα hybrids (Lin et al., 2009). Also, an environment isolate 

found in the soil from Tripoli, Libya was determined to be an αAAα hybrid (Ellabib et 

al., 2016).  

Most aADα and αADα strains seem to share a unique mating-type-specific cell 

identity determinant SXI1α allele that bears a truncation at the C-terminus which 

seems to have enhanced the fertility of the Dα parent of the hybrids (Lin et al., 2007). 

This allele is present in the global natural Dα population at a relatively low level of 

~13%. The enhanced fertility conferred by this novel SXI1α allele likely promoted 

mating between serotypes A and D explaining the high prevalence of AD hybrids in 

cryptococcal populations.  

It is possible that some of the current haploid CNSC strains are themselves a product 

of ancient hybridization events between CNSC lineages that were haploidized during 

subsequent evolution and somatic recombination. In 2017, a population genomics 

analyses of 188 VNI, VNII, and VNB isolates found evidence of ancestral 

hybridization events between different VN lineages: these events would explain the 

current cryptococcal strains having certain regions within single chromosomes derived 

from different ancestors (Rhodes et al., 2017). This suggested that hybridization 

between the lineages VNI, VNII and VNB has been occurring throughout the history 

of CNSC and that some of the current haploid populations are likely recombinant 

products of these historical hybridization events.  
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Table 2: Prevalence of AD hybrids in different countries and regions in the world. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Country Source 
Percentage of 

hybrid isolates 

# hybrid isolates 

/ 

# of total 

cryptococcal 

isolates 

Year(s) 

when 

sample 

was 

obtained 

Reference 

Europe 

Apulia, Southern 

Italy 

Environmental 1 1/95 2018 (Montagna et al., 

2018) 

Slovenia Clinical 2.2 1/46 2017 (Tomazin et al., 

2017) 

Italy 
Clinical 12 21/170 2017 (Pini et al., 2017) 

 Environmental 0 0/32  

Spain Clinical 25 7/28 2016 (Gago et al., 2017) 

Mediterranean 

basin 

Environmental (trees) 7.4 35/474 2016 (Cogliati et al., 

2016) 

Denmark Both 12 13/108 2016 (Hagen et al., 2016) 

Portugal Clinical 30.9 38/122 2014 (Maduro et al., 

2014) 

Serbia Clinical  8.8 3/34 2014 (Arsenijevic et al., 

2014) 

Portugal Environmental 14.3 4/28 2013 (Ferreira et al., 

2014) 

Croatia Clinical 6.25 3/48 2011 (Mlinaric-Missoni 

et al., 2011) 

Europe Clinical 19 N/A 2006 (Viviani et al., 

2006) 

Italy Clinical 31 N/A 2002 (Viviani et al., 

2002) 

Italy Clinical 36.8 49/133 2001 (Cogliati et al., 

2001) 

France Clinical  20 80/400 1997-2001 (Desnos-Ollivier et 

al., 2015) 

Germany Clinical 6 6/104 2004-2010 (Sanchini et al., 

2014) 

Netherland Clinical 3.6 11/300 1977-2007 (Hagen et al., 2012) 

Asia 

China Clinical 1.8 2/109 2010 (Chen et al., 2010) 

China Clinical 1.7 2/115 2008 (Feng et al., 2008) 

Turkey Environmental 3.8 1/26 2006 (Saracli et al., 2006) 

Thailand Clinical 1.8 3/169 1996 (Sukroongreung et 

al., 1996) 

Japan Clinical/Environmental 3 1/33 1983 (Hironaga et al., 

1983) 

Africa 

Ivory Coast Clinical 11 40/363 2016 (Kassi et al., 2016) 

South Africa Clinical 4 7/177 2014 (Van Wyk et al., 

2014) 

South Africa Pediatric clinical 1.2 1/82 2011 (Miglia et al., 2011) 

Malawi Clinical 6.7 1/15 2005 (Litvintseva et al., 

2005) 

North America 

North Carolina, 

USA 

Environmental 7.1 54/762 2005 (Litvintseva et al., 

2005) Clinical 2.4 1/42 

New York, USA Clinical 2.5 1/39 2000 (Steenbergen and 

Casadevall, 2000) 

South America 

Iberoamerican 

countries 

Clinical 7.4 13/266 2003 (Meyer et al., 2003) 

Environmental 1.5 1/67  

Brazil 
Environmental 7.4 2/27 2004 (Oliveira et al., 

2004) Clinical 6.5 2/31  

Brazil 
Environmental 1.3 1/80 1987-1998 (Nishikawa et al., 

2003) Clinical 1.3 5/387  

Rio de Janeiro, 

Brazil  

Environmental 

 

1.2 1/83 2006 (Baroni et al., 2006) 

Australia 

Australia Clinical 1.6 1/60 1999 (Meyer et al., 1999) 
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CGSC hybrids  

Under mating-inducing conditions, strains of CGSC belonging to serotypes B and C 

have been found capable of mating with each other in the laboratory (Campbell et al., 

2005; Fraser et al., 2003; Kidd et al., 2004). A study of 120 strains belonging to 

serotype B and molecular types VGI, VGII and VGIII from Australia found most of 

the isolates to be sterile while the fertile, robust maters tended to be of molecular type 

VGII and MATα (Campbell et al., 2005). All nine robust maters produced 

basidiospores when mated with JEC20 (Da, VNIV) and B4546 (Ca, VGIII) 

suggesting that most instances of hybridization within CGSC likely involve VGII 

strains as a partner. A later study found spore germination rate to be significantly low 

(< 1%) in laboratory-derived reciprocal crosses of VGII (MATα) x VGIII (MATa) and 

VGII (MATa) x VGIII (MATα) (Voelz et al., 2013). From the spores that successfully 

germinated in the two crosses, 18/18 and 9/16 were diploid/aneuploid respectively. 

However, when strains of serotypes B and C mated with each other, they produced 

proper dikaryotic hyphae with clamp connections that were morphologically similar to 

those produced when CGSC strains of the same serotype mated with each other, 

suggesting that some degree of post-zygotic reproductive isolation exists among 

CGSC lineages (Campbell et al., 2005; Kwon-Chung, 1976b) . Compared to AD 

hybrids, intraspecific CGSC hybrids occur much less frequently and to the best of our 

knowledge, no hybrid CGSC strains have been isolated from natural sources.  

5.7 Interspecific hybrids 

Hybridization between the two cryptococcal species complexes seems to be a much 

rarer occurrence in nature compared to hybridization between CNSC lineages. There 

have been several reported cases of AB and BD hybrids causing infections in patients, 

although interspecific cryptococcal hybrids have never been isolated from 

environmental sources. The first naturally occurring CNSC x CGSC hybrid was 

reported in 2006 when three strains isolated from the cerebrospinal fluid (CSF) of two 

patients in the Netherlands were determined to be diploids of serotype BD (Bovers et 

al., 2006). They carried two MAT alleles with MATa originating from the D parent and 

MATα from the B parent (aBDα).  Based on these findings, they estimated that BD 

hybrids make up about 1% of the clinical isolates found in Netherlands between 1977 
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and 2007.  The first natural serotype AB strain was reported in 2008 when a strain 

isolated from an AIDS patient in Canada was determined to be an AB hybrid with the 

MATα allele originating from the serotype A parent (Bovers et al., 2008). Since MATa 

was not detected in this strain, it was hypothesized that it originated from a 

hybridization between an Aα strain and a Ba strain and later lost the MATa allele. In 

2012, four αABa hybrids with both MAT alleles intact were identified among clinical 

samples obtained from the CSF of patients in Brazil (n=2), Columbia (n=1) and India 

(n=1) (Aminnejad et al., 2012).  Interspecific cyptococcal hybrids have since been 

reported in Germany (Smith et al., 2015), Denmark (Hagen et al., 2016) and the 

United States (Rhodes et al., 2017).  

So far, the recovery of interspecific hybrids has been limited to clinical sources: to the 

best of our knowledge, none have been isolated from the environment.  Strains of 

CNSC and CGSC are known to co-occur in the same geographical regions (Chau et 

al., 2010; Choi et al., 2010; Chowdhary et al., 2012; Cogliati et al., 2016; Kaocharoen 

et al., 2013) and lack of hybridization may indicate reproductive isolation between the 

two groups in nature. While it was estimated that CNSC and CGSC diverged from 

each other up to ~100 million years ago (Sharpton et al., 2008) following the breakup 

of the supercontinent Pangea, human migration and associated anthropomorphic 

activity have brought these groups from previous geographical isolation into close 

contact (reviewed in Casadevall et al., 2017). The rarity of interspecific cryptococcal 

hybrids and their apparent absence in environmental sources are consistent with 

extensive divergence and reproductive isolation between the two sister species 

complexes. However, in the laboratory, mating between strains of CNSC and CGSC 

can be induced, consistent with the lack of an absolute pre-zygotic reproductive 

barrier (Fraser et al., 2003). It should be noted that when strains of serotypes A or D 

mate with strains of serotypes B and C, they often fail to complete the sexual cycle, 

indicative of a strong post-zygotic reproductive barrier (Kwon-Chung, 1976b). 

Together, these observations suggest that while the two species are still genetically 

and phenotypically compatible enough to initiate mating with each other, they may 

not produce viable hybrid haploid progeny, leading to their rare occurrence in 
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environmental and clinical samples. Up to now, there have been no reports of 

interspecific hybrids of serotypes AC and CD. 

5.8 Origins of cryptococcal hybrids 

Several studies have investigated the origins of cryptococcal hybrids found in 

environmental and clinical settings. In 2000, Xu et al. conducted a multiple gene 

genealogy analysis to determine if AD hybrids originated from a recent vs. ancient 

hybridization event between different cryptococcal serotypes (Xu et al., 2000). They 

sequenced four genes (ITS, LAC1, URA5 and mitochondrial LnRNA) in a set of 34 

cryptococcal strains encompassing serotypes A, B, C, D and five AD hybrids. 

Phylogenetic analyses of the four gene sequences showed that the individual alleles of 

AD hybrids unambiguously clustered with either serotype A or serotype D sequences. 

Furthermore, the five AD hybrids in this study were not identical to each other. This 

was consistent with the AD strains arising from more than one hybridization event 

between strains of serotypes A and D. Since they did not find novel gene lineages 

which would be consistent with ancient hybridization events, they concluded that the 

hybrids likely arose from multiple hybridization events made possible by recent global 

dispersal of previously geographically isolated cryptococcal lineages (Figure 2). In a 

follow up study where they analyzed the LAC1 gene genealogy in 14 AD strains, Xu 

et al. confirmed that there had been at least three independent hybridization events to 

yield those 14 AD hybrid strains (Xu et al., 2002). 

While confirming the above findings, a gene genealogy analysis conducted by 

Litvintseva et al. in 2007 further revealed that many of the global AD hybrids may 

have originated in Africa (Litvintseva et al., 2007). The presence of the rare MATa 

allele in approximately half of the globally isolated AD strains, either in the form of 

aADα or αADa (W. Li et al., 2012; Lin et al., 2005, 2008; Yan et al., 2002) raised the 

possibility that cryptococcal hybrids with Aa may be descended from ancient 

hybridization events when MATa was more prevalent in the population. Based on the 

genealogies of CAP10, URE1 and GPD1, Litvintseva et al. determined that the three 

aADα strains examined in this study were closely related to VNB strains in which 

MATa prevalence is unusually high at 25% (Litvintseva et al., 2003).  Furthermore, 

they found evidence of hybrid vigor as the hybrid strains were more resistant to UV 
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irradiation than Botswanan serotype A strains. Their results are consistent with aADα 

originating in Africa from recent hybridization events between VNB strains and 

serotype D strains followed by global dispersal, presumably facilitated by their higher 

fitness (Figure 2).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: Origin and dispersal of the current global AD population. aADα hybrids are believed to 

have arisen in Africa from multiple, recent hybridization events between the VNB (Aa) strains from 

Botswana and an unknown Dα progenitor. αADa and αADα hybrids likely originated from multiple, 

recent hybridization events between contemporary Aα strains and Da/Dα strains. The origins of these 

AD hybrids were followed by global dispersal resulting in the current global AD population (Li et al., 

2012; Litvintseva et al., 2007; Xu et al., 2000; 2002). The orange circles represent the countries in 

which AD hybrids have been reported: the size of the circles is proportional to the prevalence of AD 

hybrids in these countries. The prevalence statistics are based on the references found in Table 2.  

 

Multilocus sequence typing and comparative genome hybridization of 31 AD hybrids 

further supported recent, multiple hybridization events leading to the emergence of the 

current global AD population (Li et al., 2012). While individual serotype A and D 
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alleles of the AD hybrids clustered with those of haploid A and D strains in this 

phylogenetic analysis, they were not identical to the currently sequenced haploid 

alleles. This and other results suggested that there is still undiscovered genetic 

diversity in haploid serotype A and D strains in nature (Xu et al. 2002; Xu and 

Mitchell 2003). Alternatively, the results are also consistent with AD hybrids 

experiencing mutation accumulation and ongoing evolutionary divergence 

independent of their parent lineages. Similar studies to investigate the origin of 

interspecific cryptococcal hybrids have not been conducted, primarily due to their rare 

occurrence. Given that all reported interspecific cryptococcal hybrids to date are of 

clinical origin and their hosts were known to have traveled to different countries prior 

to showing symptoms, it is possible that they were co-infected with strains of the two 

species and they hybridized within the host during the infection.  

5.9 Hybrid genomes are highly variable and dynamic 

Unlike their haploid parents, intraspecific and interspecific cryptococcal hybrids are 

often diploid or aneuploid (Aminnejad et al., 2012; Bovers et al., 2006, 2008; Hu et 

al., 2008; Lengeler et al., 2001; W. Li et al., 2012; Lin et al., 2007; Tanaka et al., 

1999; Vogan et al., 2013). Cryptococcal hybrids are usually heterozygous at multiple 

loci including the mating locus (Lengeler et al., 2001; Lin et al., 2007; Sun and Xu, 

2007; Xu and Mitchell 2003). Aneuploidy of cryptococcal hybrids is a result of 

impaired meiosis and mitotic recombination that occur during hybridization as well as 

subsequent vegetative growth. The genomes of serotypes A and D have over 30 

chromosomal rearrangements and show 10-15% sequence divergence (Kavanaugh et 

al., 2006; Sun and Xu, 2009). These genomic differences can cause frequent 

chromosome nondisjunction during meiosis within the basidium during sexual 

reproduction, resulting in aneuploid progeny (Sun and Xu, 2009). Furthermore, 

meiotic recombination occurs at a much lower rate during inter-variety mating 

compared to crosses between serotype D strains (Sun and Xu, 2007). In addition, 

mitotic recombination was found to occur in the course of replicating the daughter 

nuclei within the basidium. Among 230 AD hybrids generated via a laboratory-

defined mating, Vogan et al. found a large number of recombinant genotypes that 

could not be explained by the four haplotypes generated by one round of meiosis 
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(Vogan et al., 2013). This led to the discovery of mitotic recombination in the form of 

chromosome loss and crossing over as a novel mechanism that generates recombinant 

genotypes during inter-varietal crosses. Similarly, the sequenced genomes of CGSC 

and CNSC show 15-17% sequence divergence with multiple chromosomal 

rearrangements (D’Souza et al., 2011). Whether such rearrangements contribute to 

reduced recombination and chromosomal nondisjunction in CGSC x CNSC crosses 

remains to be investigated. 

Genomes of AD hybrids are highly variable with evidence of homozygosity (or 

hemizygosity) interspersed with heterozygosity across the genome (Sun and Xu, 2009; 

Vogan et al., 2016, 2013). Laboratory investigations have shown that homozygosity 

could be derived through either chromosome loss or mitotic gene conversion leading 

to loss of heterozygosity (Hu et al., 2008; Li et al., 2012). Interestingly, natural AD 

hybrids show preferential retention of specific alleles and chromosomes from one of 

the two parents, suggesting that those alleles may offer survival and growth benefits 

under specific conditions (Hu et al., 2008). Even when both mating types are present 

in the genome, cryptococcal hybrids are rarely self-fertile. Basidiospores produced by 

three self-fertile aADα hybrids germinated at a very low rate of ~5% in laboratory 

conditions: these three AD hybrids did not produce any sexual spores when co-

incubated with haploid MATa and MATα strains belonging to serotypes A and D 

(Lengeler et al., 2001). While hybrid infertility may represent an evolutionary dead-

end for hybridization in plants and animals, this is not the case for Cryptococcus sp. 

and other fungi where sexually infertile hybrids can still reproduce asexually through 

mitosis and budding. 

5.10 Some cryptococcal hybrids display transgressive segregation, including 

hybrid vigor 

In genetics, the formation of extreme phenotypes, observed in segregated hybrid 

populations compared to phenotypes observed in the parental lines, is called 

transgressive segregation. These extreme (transgressive) phenotypes can be either 

positive or negative in terms of fitness in comparison to parental populations. 

Typically, hybrid populations will show more variation in both genotype and gene 

expression levels than either parental population. As a result, hybrid populations will 
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have some traits that are extreme (transgressive) in nature. If both parents' favorable 

alleles come together, the hybrids may have higher fitness than the two parents. In 

addition, the genetic diversity and associated phenotypic variation among hybrids may 

allow the hybrids to populate different environments/niches in which the parental 

populations do not reside, or directly compete with parental populations in the existing 

environments. 

In CNSC and CGSC, there are three major virulence factors: the ability to grow at or 

above 37⁰C which enables growth within mammalian hosts, production of a protective 

polysaccharide capsule around the cells, and production of melanin pigments with 

antioxidant properties (Charlier et al., 2005; Doering et al., 1999; Fromtling et al., 

1982; Kwon-Chung and Rhodes, 1986; McGill et al., 2009; Perfect et al., 2006; Salas 

et al., 1996; Venn-Watson et al., 2012). Studies on virulence and fitness of 

cryptococcal hybrids have obtained variable results with some studies pointing to 

hybrid vigor while others finding no difference or even reduced virulence compared to 

parents. Chaturvedi et al. found 8 environmental and clinical AD hybrids to be similar 

in virulence to H99, a highly virulent serotype A MATα strain, in mouse models 

(Chaturvedi et al., 2002). In comparison, the isogenic serotype D pair, JEC20 (Da) 

and JEC21 (Dα), did not cause death in these mice. Similarly, a laboratory-constructed 

αADα hybrid was found to be comparable in virulence to the H99 parent whereas the 

other parent, JEC21, did not cause any deaths in the mouse inhalation model (Lin et 

al., 2007). Another study found hybrid vigor in six naturally occurring and three 

laboratory constructed aADα strains where they were significantly more resistant to 

UV irradiation than H99, JEC21 and serotype Aa strains from Botswana (Litvintseva 

et al., 2007). Similarly, the majority of 31 global natural AD isolates tested were 

found to be resistant to the antifungal drug FK506 (W. Li et al., 2012).   

In a quantitative phenotypic analysis, Vogan et al. generated 230 AD hybrids from a 

laboratory-defined cross between JEC20 (Da) and CDC15 (Aα) and assayed their 

melanin production, capsule production, cell size and susceptibility to the antifungal 

fluconazole (Vogan et al., 2016). JEC20 and CDC15 significantly differed from each 

other in these four traits. The majority of hybrid offspring produced melanin levels 

that were intermediate between the two parents whereas several progeny strains 
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produced significantly more or less melanin than the parents. A similar pattern was 

observed for fluconazole resistance. In contrast, most hybrid progeny were 

significantly larger in cell size than their haploid parents. Capsule production was 

observed to be highly heterogeneous for both parental and hybrid progeny strains with 

only a proportion of cells within each strain producing capsule. However, the 

proportion of capsule-producing cells in each sample as examined under the 

microscope was very consistent across repeated testing. Thus, instead of measuring 

the capsule size of individual cells, the proportion of cells of each strain that produced 

any amount of capsule was calculated. Under the tested conditions, JEC20 did not 

produce any capsule while CDC15 produced some: similarly, most AD hybrids 

produced very little to no capsule. However, a small number of progeny strains 

exhibited significantly higher capsule production with the highest proportion reaching 

60%. Together, these results suggest that some cryptococcal hybrids can show hybrid 

vigor and transgressive segregation at least in vitro and in the in vivo murine models.  

Compared to the systematic laboratory investigations, fitness of cryptococcal hybrids 

in clinical settings has not been studied as frequently. In one clinical observational 

study conducted in France, 483 cryptococcal isolates were recovered from 234 

cryptococcosis patients between 1997 and 2001, out of which 20% were determined to 

be AD hybrids (Desnos-Ollivier et al., 2015). Clinical presentation and disease 

severity were statistically similar between infections caused by serotypes A, D and 

AD strains even though there was a trend towards AD hybrids causing less 

disseminated infection and less frequent abnormal lung imaging in patients. Patients 

infected with AD strains were significantly more likely to achieve CSF sterilization 

within two weeks of starting antifungal therapy compared to serotypes A and D.  This 

study suggested that in human hosts in France, AD hybrids cause less severe 

infections than haploid serotype A and D strains.  

The hybrid vigor displayed by some cryptococcal hybrids may be attributed at least 

partly to their higher ploidy compared to the haploid parents. Using progeny derived 

from unisexual α-α mating of a hypersexual Dα strain, it was shown that wild-type 

phenotypes were restored when aneuploid progeny strains became haploid due to loss 

of chromosomes (Ni et al., 2013). In the aneuploid state, these six progeny strains 
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were resistant to the antifungal fluconazole and outgrew the parent strain in a 

competitive growth assay by a ratio of ~4:1 (Ni et al., 2013). The researchers showed 

that aneuploidy was responsible for the enhanced expression of the virulence factors 

and that loss of heterozygosity reinstated wild-type phenotypes. A study of 19 AD 

hybrids by Cogliati et al. found virulence in mice to be positively correlated with the 

level of heterozygosity of the strains (Cogliati et al., 2011). The MAT locus has also 

been associated with increased virulence of cryptococcal hybrids. Using laboratory-

constructed AD hybrids, it was shown that hybrids heterozygous at the MAT locus and 

homozygous for MATα showed no change in virulence potential whereas hybrids 

homozygous for MATa had significantly reduced virulence (Lin et al., 2008). Other 

findings also suggest that the presence of MATα allele from serotype A parent in AD 

hybrids is correlated with increased virulence whereas the presence of the MATa allele 

from either serotype A or serotype D parent is correlated with moderate to no 

virulence (Barchiesi et al., 2005).  

The diversity of observations on virulence potential of cryptococcal hybrids suggest 

that their fitness and degree of virulence can vary significantly between individual 

hybrids. Such variations are understandable. Hybridization between divergent 

cryptococcal lineages with large genetic differences can produce a diversity of novel 

allelic combinations that could impact the expression of virulence traits and other 

phenotypes, generating frequent transgressive segregations (Shahid et al. 2008).  

5.11 C. neoformans and C. gattii species complexes as a model system for 

hybridization  

As shown in the preceding sections, the sister species complexes CNSC and CGSC 

present an excellent model system for the study of hybridization. Many well-

characterized tools, strains, markers and assays are available in this model system. For 

example, the sexual cycles of CNSC and CGSC have been fully elucidated and many 

strains can readily mate with each other in the laboratory. The spore viability of 

laboratory-defined mating between strains of serotypes A and D typically ranges from 

5%-30% (Forsythe et al., 2016; Lengeler et al., 2001; Vogan et al., 2013). Viable 

sexual spores from mating between CGSC and CNSC can be obtained despite lower 

germination rates (Chaturvedi et al., 2002). Hundreds of fully-sequenced cryptococcal 
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genomes encompassing all lineages are available on NCBI (for example Rhodes et al., 

2017) making genetic analyses readily accessible. Genetic manipulations of 

cryptococcal strains can be achieved using well-characterized gene knockout systems 

(Arras et al., 2015; Lin et al., 2015) and more recently developed Crispr-Cas9 system 

for targeted gene editing in CNSC (Fan and Lin, 2018). The virulence traits of 

cryptococcal strains can be quantified using standardized assays for melanin 

production (Hopfer and Blank, 1976; Vogan et al., 2016), capsule production 

(Zaragoza et al., 2008), antifungal resistance (Rex et al., 2008) and high temperature 

growth (Perfect et al., 2006). The use of murine models of cryptococcosis has been 

optimized to study the virulence of cryptococcal strains in vivo (Sabiiti et al., 2012; 

Thompson et al., 2012). In addition, waxworms (Galleria mellonella) were also 

shown to be a good and cost-effective in vivo model for virulence testing (Fuchs et al., 

2010). 

The genetically diverged yet still closely related lineages of CNSC and CGSC are 

representative of other taxa that have and/or are currently undergoing hybridization in 

the wild. The added benefit of short generation times makes it convenient to generate 

and follow the evolutionary trajectories of cryptococcal hybrids in the laboratory (Sun 

and Xu, 2007; Vogan et al., 2013, 2016). As described above, the findings on 

cryptococcal hybrids have shed light on not only the potential consequences of 

hybridization in a clinical setting but also its role in shaping the evolution of this 

fungal pathogen.  

5.12 Concluding remarks  

Hybridization between closely related but evolutionary divergent organisms can often 

have unpredictable outcomes and significantly affect the evolutionary trajectory of the 

involved lineages. The increasing prevalence of AD hybrids in natural environments 

and in patients suggests that these hybrids will play increasingly important roles in 

natural cryptococcal populations. Unlike in plants and animals, aneuploidy and self-

infertility are not impediments to the survival of cryptococcal hybrids as they can 

successfully propagate through mitosis and asexual budding. In fact, the novelty and 

plasticity of their genomes can give some hybrids a competitive advantage over 

parental strains. Given that AD hybrids are responsible for a substantial amount of 



 

 

Ph.D. Thesis – Himeshi Samarasinghe                                      McMaster University – Biology 

___________________________________________________________________________ 

139 
 

cryptococcal infections, it is important to understand how the unique genetic makeup 

of hybrids translates to increased fitness in the environment. 

Our goal in writing this review was to provide a comprehensive yet concise overview 

of the current body of knowledge on hybridization and hybrids of the C. neoformans 

and C. gattii species complexes. We hope that this will stimulate more investigations 

into less well understood aspects of these hybrids. For example, evidence for both 

historical and recent hybridization events have been found (D’Souza et al., 2011; 

Sharpton et al., 2008; Xu et al., 2000; 2002): it would be interesting to identify the 

prevalence and timeline of such hybridization events and their impacts on the genome 

architectures throughout the history of CNSC and CGSC. The availability of hundreds 

of sequenced genomes from diverse cryptococcal lineages should make this feasible. 

Similarly, virulence of hybrids is highly variable both in animal models and clinical 

observations of human patients. At present, the genetic bases for such variations are 

little understood. The increasing prevalence of AD hybrids seems to suggest that at 

least some hybrids have an adaptive advantage over their parental lineages. While the 

inconsistency of these findings can be explained by differences in genetic makeup 

between hybrid strains, further investigations will be able to shed light on the specific 

genetic factors and genotype-environment interactions responsible for the increased 

fitness of the hybrids. Finally, as demonstrated by Vogan et al. (2016), hybrids can be 

successfully utilized to identify genetic factors that contribute to differential 

expression of virulence factors in haploid serotype A and D parent strains. Therefore, 

cryptococcal hybrids are not only an interesting study in themselves, they can be used 

as a tool to gain insights into haploid lineages of CNSC and CGSC as well as 

hybridization in general in other taxa.  
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Chapter 6 

 

Hybridization Facilitates Adaptive Evolution in Two 

Major Fungal Pathogens 

 

6.1 Preface 

Hybridization is recognized as an important phenomenon that drives adaptation and 

evolution within the fungal kingdom. This is especially true for fungal pathogens of 

humans and animals where hybridization between closely related lineages can give 

rise to offspring with enhanced virulence. In this collaborative review article, we 

provided a comprehensive overview of the cryptococcal mating cycle, global 

epidemiology, and the genetic architecture of cryptococcal hybrids. Our collaborators 

synthesized the current state of knowledge on hybrid lineages of chytridiomycete frog 

pathogen Batrachochytrium dendrobatidis. We proposed that experimentation on 

Cryptococcus hybrids can be used as a model system for shedding light on less well 

understood fungal hybrids such as B. dendrobatidis.  

As the first co-author, I was one of the two primary contributors of this work. With 

my co-author Man You, I reviewed the literature and drafted the sections on 

cryptococcal hybrids. Other co-authors of this article are Thomas Jenkinson, Jianping 

Xu and Timothy James. This manuscript is now published in Genes volume 11, issue 

1. 
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6.2 Abstract 

Hybridization is increasingly recognized as an important force impacting adaptation 

and evolution in many lineages of fungi. During hybridization, divergent genomes and 

alleles are brought together into the same cell, potentiating adaptation by increasing 

genomic plasticity. Here, we review hybridization in fungi by focusing on two fungal 

pathogens of animals. Hybridization is common between the basidiomycete yeast 

species Cryptococcus neoformans x Cryptococcus deneoformans, and hybrid 

genotypes are frequently found in both environmental and clinical settings. The two 

species show 10-15% nucleotide divergence at the genome level, and their hybrids are 

highly heterozygous. Though largely sterile and unable to mate, these hybrids can 

propagate asexually and generate diverse genotypes by nondisjunction, aberrant 

meiosis, mitotic recombination and gene conversion. Under stress conditions, the rate 

of such genetic changes can increase, leading to rapid adaptation. Conversely, in 

hybrids formed between lineages of the chytridiomycete frog pathogen 

Batrachochytrium dendrobatidis (Bd), the hybrids are considerably less diverged 

(0.2% divergent). The Bd hybrids are formed from crosses between lineages that 

rarely undergo sex. A common theme in both species is that hybrids show genome 

plasticity via aneuploidy and loss of heterozygosity and leverage it as a rapid way to 

generate genotypic/phenotypic diversity. Some hybrids show greater fitness and 

survival in both virulence and virulence-associated phenotypes than parental lineages 

under certain conditions. These studies showcase how experimentation in model 

species such as Cryptococcus can be a powerful tool in elucidating the genotypic and 

phenotypic consequences of hybridization. 

6.3 Introduction 

Hybridization refers to the interbreeding of individuals from genetically distinct 

populations or species. Through hybridization, genes and alleles that have diverged 

significantly from each other are brought together into the same cells and individuals, 

potentially creating the scenario of novel interactions among genes and genomes. 

There are two contrasting views on the roles of hybridization in organic evolution. On 

the one hand, hybridization is considered an evolutionary noise with limited long-term 

effect. Indeed, under a model in which species diverge by adaptation to different 
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niches, the majority of hybrids are expected to show lower fitness than either parental 

genotype in parental niches [1,2]. On the other hand, certain hybrid progeny may 

display transgressive segregation/ extreme phenotypes or fitness, both positive and 

negative, that exceed parental values, especially in novel ecological niches. Because 

of this, the contrasting view believes that hybridization plays critical roles in 

generating evolutionary novelty and can impact long-term evolution [3,4].  

Hybrids may be either homoploid or polyploid. Homoploid hybrids have the same 

ploidy as the parents, but they may face obstacles to further sexual reproduction due to 

potential chromosomal incompatibilities. If homoploid hybrids can self-fertilize or 

backcross, the resulting offspring often reveal a high genetic and phenotypic variance, 

including the generation of transgressive phenotypes [5]. Polyploid hybrids, 

specifically allopolyploids, are generated typically by chromosome duplication either 

in gametogenesis or after zygote formation via mating of different species [6]. The 

presence of even numbers of homologous chromosomes from the same species 

alleviates the pairing problems in meiosis due to low sequence similarity or structural 

rearrangements that lead to hybrid sterility. Outcomes of hybridization are diverse. 

For example, in plants, hybridization may lead to the formation of novel hybrid 

species that are genetically isolated and phenotypically distinct from progenitors [3,5]. 

In other contexts, the extent of hybridization may be limited to a geographic region (or 

hybrid zone) maintained by either environment-genotype interactions or through a 

balance between migration and selection. In any case, hybridization makes possible 

the introgression of alleles from one parental species into another, which is becoming 

easier to identify through genome sequencing [7,8]. 

In all major groups of eukaryotes such as plants, animals, and fungi, natural 

hybridization has been reported, with some groups showing over 20% of extant 

species as hybrids. Previously, however, hybridization in fungi was either ignored or 

discounted, and only since the molecular revolution has hybridization in fungi been 

increasingly accepted as playing important roles [9,10]. Fungi are unique from the 

better-studied plants and animals in that they often produce copious (literally millions 

or billions) amounts of recombinants from a single mating event, which could lead to 

the generation of immense diversity. They are also unique because their dispersal is 
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not considered particularly limited, such that traditional hybrid zones of a limited 

geographic extent seem unlikely. On the other hand, many fungi display a mixed 

mode of reproduction, with extensive generations of asexual reproduction interspersed 

with rare sexual reproduction [11]. Such versatility in reproduction could allow 

hybrids to at least propagate asexually for extended periods of time without suffering 

from a potential segregation load [12]. In fungi, the F1 hybrids often display 

aneuploidy, diploidy, or higher ploidy, and because of the extra chromosome copies, 

they can continue to diversify and adapt through mechanisms such as mitotic 

recombination and gain/loss of individual chromosomes. 

In this review, we explore these issues with a fungal view of hybridization described 

using two major fungal pathogens, the human-pathogenic Cryptococcus species and 

the amphibian chytrid fungus Batrachochytrium dendrobatidis. We argue that 

hybridization in these two groups of fungi reveals much about how speciation and 

hybridization in fungi is unique, and how hybridization will become increasingly 

important to both the environment and human health in this era of rapid fungal 

evolution. The choice of these two species, obviously, is based off of the authors’ 

experiences. However, the pair complement each other nicely. On the one hand, 

Cryptococcus (Basidiomycota) is a model system and easily manipulated in the lab, 

while B. dendrobatidis (Chytridiomycota), a species of great ecological significance, 

is far from a model system and lacks genetic tools. Insights into hybridization in these 

species require different approaches, but much has been revealed and facilitated by 

genomics. 

6.4 Hybridization in Cryptococcus species complex 

Cryptococcus species complex  

The human pathogenic Cryptococcus species complex comprises a group of closely 

related, basidiomycetous yeast species, responsible for over 220 000 annual infections 

worldwide with a mortality rate of ~80% [13]. Cryptococcal infections, known to 

occur in multiple forms including respiratory infections, skin lesions, and 

meningoencephalitis, are collectively called cryptococcosis and are a leading cause of 

death among HIV/AIDS patients worldwide. Commonly found in association with 

soil, bird droppings and tree barks, Cryptococcus species has a global distribution with 
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strains having been discovered from all continents except Antarctica [14]. Currently, 

seven evolutionarily divergent lineages are recognized as pathogenic Cryptococcus 

species, which can be distinguished based on genetic and molecular characterization, 

with each species having been assigned specific molecular types (Figure 1) [15,16]. 

Historically, Cryptococcus strains were categorized into serotypes based on the 

structure of polysaccharides at the cell surface. An alternative classification system 

aims to maintain two major species that are subdivided into varieties and/or molecular 

types [17,18]. In this review, we will use the seven-species classification system with 

(i) C. neoformans (serotype A, molecular types VNI, VNII and VNB; VN = variety 

neoformans), (ii) C. deneoformans (serotype D, molecular type VNIV), (iii) C. gattii 

(molecular type VGI; VG = variety gattii), (iv) C. bacillisporus (molecular type 

VGIII), (v) C. deuterogattii (molecular type VGII), (vi) C. tetragattii (molecular type 

VGIV) and (vii) C. decagattii (molecular type VGIV/VGIIIc) (the last five species 

share serotypes B and C). To maintain consistency with previous literature, we will 

categorize cryptococcal hybrids based on the serotypes of the parental species. For 

example, hybrids of C. neoformans and C. deneoformans will be referred to as AD 

hybrids. 

 

Figure 1: The currently recognized species in the pathogenic Cryptococcus species complex. The 

seven species of this complex can be distinguished based on genetic and molecular differences, and 

each is assigned a distinct molecular type. Historically, cryptococcal strains were broadly categorized 

into serotypes based on the antigens found at the cell surface. Hybrids arising from mating between 

species are named based on the serotypes of the parental strains. 
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The seven species are believed to be descended from a common ancestor that existed 

on the supercontinent Pangea. It is hypothesized that the ancestral population was split 

into two, distinct groups following the breakup of Pangea and subsequent continental 

drift further spatially isolated the subgroups, leading to the emergence of two major, 

independently evolving populations in South America and Africa respectively. This 

theory is supported by the fact that the estimated split of VN molecular types from VG 

molecular types occurred ~100 million years ago (mya) which coincides with the 

breakup of Pangea [19]. Furthermore, genomic analyses have revealed the origin of 

VN molecular types to be Africa while VG molecular types originated in South 

America. The ancestral populations of VN and VG molecular types continued to 

diverge and evolve, likely due to local niche differences, eventually splitting into the 

seven species observed today. C. neoformans and C. deneoformans are believed to 

have diverged ~24.5 mya [19–22]. More recently, within C. neoformans, VNI and 

VNII split from each other ~4.7 mya. Among VG lineages, VGII diverged from other 

VG lineages ~12.5 mya, followed by VGIV splitting ~11.7 mya. VGI and VGIII were 

the last to diverge from each other approximately 8.5 mya [21].  

Over the last century, historical spatial barriers between the seven cryptococcal 

species have been challenged with the significant increase in international commercial 

and human travel. The different lineages are now thrust back into contact due to 

anthropogenic transfer of cryptococcal cells/strains across countries and continents. 

Despite significant genomic nucleotide divergence, these species are still sufficiently 

compatible to initiate mating with each other, making interspecific hybridization a 

significant force that shapes their ongoing evolution. In fact, cryptococcal hybrids 

with superior fitness to parental strains have been recovered from both natural and 

laboratory settings while the proportion of infections caused by C. neoformans x C. 

deneoformans (AD) hybrids is on the rise, especially in Europe where these hybrids 

are responsible for nearly 40% of all cryptococcal infections. The implications of 

interspecific hybridization on the adaptive evolution of pathogenic Cryptococcus 

species complex are discussed below.   
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Sexual cycle of Cryptococcus  

Cryptococcus species are haploid basidiomycete yeasts that can reproduce asexually 

via budding or sexually via mating (Figure 2). The sexual cycle of Cryptococcus was 

first observed by Kwon-Chung four decades ago [23,24]. Under nutrient-limiting 

conditions (e.g., low nitrogen) and dehydration, cells of opposite mating types (MATa 

and MATα) could be triggered to fuse and form a filamentous dikaryon with the two 

parental nuclei inside. A germ tube originating from the MATa end of the zygote 

extends out and subsequently develops into dikaryotic hyphae. Septa form to separate 

the cells. During hyphal growth, clamp connections form across septa and fuse with 

the subapical neighbor cell. Haploid blastospores can form along the hyphae: 

blastospores are vegetative yeast-like cells that bud from the hyphae. Some hyphal 

cells can also enlarge and form chlamydospores which are thick-walled vegetative 

cells with condensed cytoplasm. Chlamydospores can facilitate long-term survival of 

cells in harsh environments [25]. During hyphal extension, one of the two daughter 

nuclei in the apical cells are transferred to subapical cells via clamp connections. 

Therefore, each hyphal cell is able to maintain two parental nuclei. At the onset of 

meiosis, the tip of an aerial hypha enlarges to form a basidium within which the two 

parental nuclei fuse and meiosis occurs to produce four recombinant, haploid nuclei. 

The daughter nuclei undergo repeated mitotic divisions with individual nuclei 

packaged into individual basidiospores that bud off from the basidium, consequently 

forming four chains of basidiospores [26–28].  

Sexual mating in Cryptococcus is normally restricted to cells of opposite mating 

types. However, cryptococcal cells of the same mating type could be induced to mate 

with each other under nutrient-limiting conditions, referred to as same-mating-type 

reproduction [29–31]. Mating between genetically different strains of the same mating 

type can produce a high frequency of recombinants, similar to opposite-mating-type 

mating [27]. Even though both MATa and MATα cells can undergo same-mating-type 

reproduction, the presence of cells with opposite mating types significantly enhances 

this process [32]. MATα is the predominant mating type in natural populations, with 

>99% of C. neoformans strains and ~95% of other cryptococcal strains belonging to 

this mating type [14,33,34]. During same-mating-type mating, haploid MATα cells 
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become α/α diploids, either by endoduplication or by nuclear fusion following cell-

cell fusion between two α cells [27,35]. The newly formed diploid nucleus then 

undergoes one round of meiosis to produce four, recombinant haploid nuclei, which 

are then packaged into basidiospores [36]. Evidence for same-mating-type mating in 

Cryptococcus has also been found in nature: particularly, same-mating-type 

reproduction could be beneficial due to natural populations in both clinical and 

environmental settings being predominantly of the same mating type, MATα [37,38].  

Both mating processes confer two major benefits to Cryptococcus: (i) it results in the 

production of basidiospores which act as the unit of long distance cryptococcal 

dispersal, and (ii) it is known to be mutagenic, generating both genetic and phenotypic 

variation as described in the sections below [39]. Strains of different cryptococcal 

species have been successfully mated with each other in the laboratory, albeit 

generally with low spore germination rates [40]. Unlike haploid parental strains, the 

resulting interspecific hybrids are often diploid or aneuploid, indicating that genomic 

divergence between parental lineages could hinder chromosomal disjunction and 

proper meiosis during gamete formation. 

 

 

Figure 2: Genomic changes occur in sexual and asexual processes in Cryptococcus. (A) In sexual 

mating and subsequent meiosis, resulting in the formation of recombinant cells, both euploidy and 

aneuploidy can be observed; (B) Asexual replication can undergo nondisjunction, endoreduplication or 

the formation of titan cells to cause genomic changes. 
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Hybrids in the Cryptococcus species complex  

Cryptococcal hybrids, discussed below, are categorized according to the serotypes of 

the parental lineages.   

AB and BD hybrids: To the best of our knowledge, hybrids arising from mating of C. 

neoformans (serotype A) or C. deneoformans (serotype D) with one of C. gattii, C. 

bacillisporus, C. deuterogattii, C. tetragattii or C. decagattii (serotypes B or C) have 

not been recovered from the environment. However, there have been several reports of 

infections caused by AB (serotype A x serotype B) and BD (serotype B x serotype D) 

hybrid strains. The first such hybrid was reported in 2006 when three strains isolated 

from the cerebrospinal fluid of two patients in the Netherlands were determined to be 

diploid strains of serotype BD [44]. Based on these findings, it was estimated that BD 

hybrids make up about 1% of the clinical isolates found in the Netherlands between 

1977 and 2005. A cryptococcal hybrid of serotype A x serotype B was first reported in 

2008 when a strain isolated from an AIDS patient in Canada was determined to be an 

AB hybrid [45]. In 2012, four AB hybrid strains were identified among clinical 

samples obtained from the cerebrospinal fluid of patients in Brazil (n=2), Columbia 

(n=1) and India (n=1) [46]. AB and BD hybrids have since been reported in Germany 

[47], Denmark [48], and the United States [49], all from clinical sources. Even though 

mating between the parental lineages can be induced in the laboratory, the mating 

cells often fail to complete the sexual cycle, indicating a strong post-zygotic 

reproductive barrier [24]. These observations suggest that while these species are still 

genetically and phenotypically compatible enough to initiate mating, they produce 

relatively few viable hybrid progeny, leading to their rare occurrence in environmental 

and clinical samples. Furthermore, as of now, cryptococcal hybrids of serotypes AC 

and CD have never been reported in the literature. 

AD hybrids: Hybridization between A and D serotypes is a significantly more 

common occurrence than hybridization of A or D serotypes with B or C serotypes. 

Indeed, C. neoformans x C. deneoformans hybrids, commonly referred to as AD 

hybrids, are the most common of all cryptococcal hybrids. AD hybrids are assigned 

their own molecular type of VNIII. Since their initial discovery in 1977, their 

prevalence has been steadily increasing, with AD hybrids currently causing up to 40% 
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of all cryptococcal infections in Europe [50–53]. They have been recovered from 

clinical and environmental sources in many countries across continents [54].  AD 

hybrids are often diploid or aneuploid and experience frequent loss of heterozygosity 

during vegetative growth [41,55,56]. 

BC hybrids: Under mating-inducing conditions, strains of different VG molecular 

types (serotypes B and C) are capable of mating with each other in the laboratory 

[40,57–59]. However, to the best of our knowledge, diploid/aneuploid VG hybrid 

strains (BC hybrids) have not been recovered from environmental or clinical sources. 

One likely explanation might be that VG lineages are still sufficiently compatible with 

each other to produce haploid, recombinant progeny: nucleotide divergence between 

VG lineages is less extensive in comparison to that between VNI and VNIV (see 

section 1.1). In fact, when strains of serotypes B and C mated with each other, they 

produced proper dikaryotic hyphae with clamp connections that were morphologically 

similar to those produced when VG strains of the same serotype mated with each other 

[24,57]. However, the spore viability was found to be very low (< 1%) in lab-derived 

reciprocal crosses of VGII (MATα) x VGIII (MATa) and VGII (MATa) x VGIII 

(MATα): among the spores that successfully germinated, 18/18 and 9/16 were 

diploid/aneuploid in the two crosses respectively [60]. Furthermore, almost all 

collected F1 hybrid progeny were determined to be diploid/aneuploid when VG 

lineages were mated with each other, or VGIII was mated with VN lineages in the 

laboratory (You et al., unpublished data). Together, these observations suggest that 

VG hybrids can be produced, and the apparent absence of diploid/aneuploid VG 

hybrids in nature is likely due to these hybrids’ failure to successfully compete with 

parental lineages in their natural habitats.  

6.5 Outcomes of hybridization between cryptococcal lineages  

Hybrid inviability 

Spore germination rates in hybrid cryptococcal crosses are typically low, indicating 

significant post-zygotic reproductive isolation between these species. Studies have 

reported ~5-20% of hybrid spores to be viable in lab-derived hybrid crosses between 

C. neoformans and C. deneoformans [41,61,62]. However, the true germination rate 

might be slightly higher since we have observed some AD hybrid spores to display an 
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abortive phenotype where following germination, growth is aborted after several 

mitotic divisions, indicating genetic incompatibilities within the nucleus [61]. Two 

recent studies detected significant variability in spore germination rates in crosses 

between strains of C. gattii, C. bacillisporus, C. deuterogattii, C. tetragattii and C. 

decagattii with a range of ~1-98% [29,40,60]: however, since the ploidy of 

germinated spores was not determined in the study by You et al., the proportion of 

viable progeny that were diploid/aneuploid is not known. You et al. also found spore 

viability to vary between ~1-43% in a series of crosses where a Cryptococcus 

bacillisporus strain was crossed with different C. neoformans and C. deneoformans 

strains [29]. The significant variation in spore viability observed across multiple 

studies highlights the complex interplay of determinants, including parental genetic 

backgrounds as well as environmental and genotype-environment interaction effects, 

on the germination of hybrid cryptococcal spores [29,58,59].  

Hybrid sterility  

While most cryptococcal hybrids are heterozygous at multiple loci across the genome 

and contain alleles for both mating types (i.e. heterozygous at the MAT locus), few 

are self-fertile or can mate with other strains [41,63]. Basidiospores produced by three 

self-fertile AD hybrids containing both mating types germinated at a very low rate of 

~5% in laboratory conditions: these three AD hybrids did not produce any sexual 

spores when co-incubated with haploid MATa and MATα strains of C. neoformans and 

C. deneoformans [41]. However, sterility does not pose a barrier to cryptococcal 

hybrid success as they can propagate asexually via mitosis. 

Phenotypic diversity and hybrid vigor 

Studies investigating phenotypes and virulence of cryptococcal hybrids have found 

variable results with some reporting hybrid vigor (heterosis) while others have found 

hybrids to be inferior to parental strains. In general, AD hybrids are less virulent than 

either C. neoformans or C. deneoformans haploid strains, though this result is not 

always observed [64]. However, increasing evidence of hybrid vigor in both natural 

and laboratory-constructed AD hybrids has been found. For example, AD hybrids 

might be better able to adapt to new environmental niches than C. neoformans and C. 
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deneoformans isolates. Natural AD hybrid strains are more resistant to UV irradiation 

than native C. neoformans strains from Botswana [65]. Laboratory-constructed AD 

hybrids also showed hybrid vigor with higher resistance to both UV irradiation and 

high temperatures than C. neoformans and C. deneoformans parents [65,66]. Another 

study found the majority of 31 investigated global AD isolates to be resistant to the 

antifungal drug FK506 [56,67]. A small proportion of hybrid strains in an AD hybrid 

population derived from a cross between CDC15 (C. neoformans, MATα) and JEC20 

(C. deneoformans, MATa) was found to surpass both parents in the expression of 

essential virulence factors including melanin production, capsule production, growth 

at 37℃, resistance to the antifungal fluconazole, and cell size [68]. The remaining 

hybrid offspring displayed intermediate phenotypes or inferior phenotypes to both 

parents. At present, similar phenotypic data on other cryptococcal hybrids is not 

available due to their rarity compared to AD hybrids. However, the presence of these 

hybrids in clinical settings suggests that at least some are capable of causing fatal 

infections in humans.  

The phenotypic diversity found among cryptococcal hybrids indicates the presence of 

extensive genetic diversity in hybrid populations. Due to significant genomic 

differences between the parental species, frequent chromosome nondisjunction is 

observed during meiosis, with hybrids often inheriting novel and/or unique 

combinations of chromosomes. For example, evidence of homozygosity (or 

hemizygosity) interspersed with heterozygosity is observed across AD hybrid 

genomes [61,68,69]. Homozygosity could be derived through either chromosome loss 

or mitotic gene conversion leading to loss of heterozygosity [56,67,70]. Generation of 

novel allelic and chromosomal combinations can offer cryptococcal hybrids a 

significant advantage in adapting to a diversity of environmental niches and 

competing with parental lineages for resources. 

6.6 Genetics of cryptococcal hybrids 

Aneuploidy in cryptococcal hybrids 

AD hybrids are either diploid or aneuploid as determined by fluorescence-activated 

cell sorting (FACS) analysis [41,52]. Previous studies revealed that aneuploidy in AD 

hybrids is most likely caused by non-disjunction of homologous chromosomes during 
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meiosis due to nucleotide sequence divergence (10%-15%), as well as genetic 

incompatibilities, between C. neoformans and C. deneoformans genomes [41,71,72]. 

Sun and Xu found that at least one out of 114 screened co-dominant loci was 

heterozygous in the majority of lab-derived AD hybrid offspring strains with an 

average heterozygosity of ~75% per strain [55]. Recombination between markers 

located on the same chromosome was observed, confirming the involvement of a 

meiotic process in the generation of these progeny, although the rate of crossovers was 

significantly lower during hybridization than that observed in intraspecific crosses of 

C. neoformans and C. deneoformans. Another analysis of a hybrid cross between H99 

(C. neoformans, MATα) and JEC20 (C. deneoformans, MATa) suggested that the 

resulting hybrid progeny were likely generated via random nuclear fusion of two of 

the four recombinant nuclei generated from meiosis, which could result in 

heterozygous hybrids with doubled ploidy levels [73].  

Clinical BD hybrid strains have also been found to be diploid or aneuploid by Bovers 

et al. [45]. These hybrids have a unique Amplified Fragment Length Polymorphism 

(AFLP) genotype (AFLP genotype group 8), revealing that they likely originated from 

hybridization between a MATα, serotype B strain (AFLP genotype 4) and a MATa, 

serotype D strain (AFLP genotype 2). Interestingly, these hybrids were heterozygous 

at two of the genotyped loci, namely RNA polymerase II (RPB2) and laccase (LAC): 

however, they were homozygous for the serotype B parent’s genotype at the Internal 

Transcribed Spacer (ITS) regions of the nuclear ribosomal RNA gene cluster. In 

addition, most BD hybrids were homozygous for the serotype B allele at the 

Intergenic Spacer (IGS) sequence of the nuclear ribosomal RNA gene cluster, while 

the remaining hybrids were homozygous for the serotype D allele. 

While diploid/aneuploid hybrid strains of C. gattii, C. bacillisporus, C. deuterogattii, 

C. tetragattii and C. decagattii have not been recovered from nature, lab-derived 

hybrids of such crosses often display diploidy or aneuploidy. In two laboratory crosses 

between C. bacillisporus and C. deuterogattii,  18/18 and 9/16 of the spores that 

successfully germinated were determined to be diploid/aneuploid respectively [60]. 

Furthermore, almost all collected F1 hybrid progeny were determined to be 

diploid/aneuploid when these five species were mated with each other, or when C. 
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bacillisporus was mated with C. neoformans and C. deneoformans in the laboratory 

(You et al., unpublished data).  

Loss of heterozygosity 

The definition of loss of heterozygosity (LOH) is the loss of one parental allele in a 

certain genomic region in a heterozygous individual. LOH can be caused by multiple 

mechanisms, such as unbalanced chromosome rearrangements, gene conversion, 

mitotic recombination, and loss of a chromosome or a chromosomal segment. Double-

strand break repair can give rise to short-range LOH events by gene conversion 

without crossover. However, long-range LOH events are mostly caused by single 

crossovers or break-induced replication [74]. In addition, whole-chromosome LOH 

can arise by chromosome loss through nondisjunction, followed by duplication of the 

remaining homolog [75]. The duplication of a chromosome is a common occurrence 

in whole-chromosome LOH. With complete duplication of the remaining genetic 

material, the appearance of a normal karyotype is maintained, even though there may 

have been a wholesale loss of genetic diversity. Generally, LOH is not reversible, 

however, cells can regain the lost heterozygous alleles via outcrossing or mutation. 

The emergence of LOH is considered a major mechanism of generating genetic 

diversity in populations of diploid heterozygous organisms. Unlike the parental 

haploid lineages, cryptococcal AD hybrids are often highly heterozygous, and may be 

prone to LOH, both during hybridization events and during asexual growth following 

germination [39,41,52,56,66]. During sexual mating, the two parental nuclei have 

been observed to fuse at earlier stages of sexual development (e.g. in the zygote or 

hyphae), providing opportunities for mitotic recombination to facilitate LOH at certain 

chromosomal regions before meiosis. A recent analysis of 297 lab-derived AD hybrid 

progeny strains generated from a single cross revealed the hybrids to experience 

extensive loss of chromosomes [76]. Both partial and complete chromosome loss and 

duplication have been observed in some AD hybrids. Partial chromosome loss may 

result in genome rearrangement or the formation of novel chromosomes through 

truncation or translocation [56]. Li et al. found that the progeny strain P5 (progeny of 

a self-fertile AD strain CDC228) partially lost some chromosomes (chromosomes 8 

and 10 from serotype A parent) and completely lost some others (chromosomes 5 and 
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13 from C. neoformans, and chromosomes 3 and 12 from C. deneoformans), giving 

rise to a highly unique genome organization [56].  

Interestingly, natural AD hybrids show preferential retention of specific alleles and 

chromosomes from one of the two parents, suggesting that those alleles may offer 

survival and growth benefits under specific conditions [70]. Allele distributions in the 

genomes of AD hybrids often show significant departures from Mendelian ratios with 

alleles of one parent preferred over that of the other at certain loci [76]. In fact, 

Samarasinghe et al. [76] found genome-wide allele distribution in 297 AD hybrids to 

be significantly skewed in favor of the C. deneoformans parent from which the 

hybrids inherited mitochondria. It is hypothesized that given the uniparental 

mitochondrial inheritance seen in cryptococcal species, hybrids prefer to retain 

chromosomes of mitochondria-donor parent to minimize incongruence between their 

mitochondrial and nuclear genomes.  

A very recent study conducted by Dong et al. estimated rate of LOH during mutation 

accumulation in a laboratory-constructed diploid AD hybrid (CDC15 x JEC20) during 

mitotic divisions. They used 33 genetic markers located on 14 chromosomes to 

determine genome-wide allele distributions in the AD hybrid [77]. The parental 

haploid strain CDC15 (serotype A, MATα) is more resistant to fluconazole (Minimum 

Inhibitory Concentration = 64µg/ml) than the other parent JEC20 (serotype D, MATa, 

MIC = 4µg/ml). Their findings showed that only a few LOH events occurred over 800 

generations of propagation on nutrient-rich medium, at a rate of 6.44 x 10-5 LOH 

events per mitotic division. However, fluconazole exposure resulted in a dramatic 

increase in LOH rate which increased more than 50-fold, at two markers on 

Chromosome 1. Interestingly, Chromosome 1 contains two genes, ERG11 (the 

fluconazole target gene) and AFR1 (a major transporter for triazoles), both of which 

play major roles in the development of antifungal resistance in C. neoformans [68,78]. 

Here, the AD hybrid lost the fluconazole-susceptible allele of both genes inherited 

from JEC20 while maintaining the alleles from CDC15. In these evolved strains, the 

copy number of Chromosome 1 inherited from CDC15 also increased. Results from 

this study suggested that hybridization can facilitate the rapid adaptation of 

Cryptococcus to stressful environmental conditions.  
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Dynamic ploidy changes in Cryptococcus  

Ploidy change is often associated with sexual reproduction. Fungal cells generally 

mate with cells of identical ploidy levels, resulting in intermediate sexual structures 

with double the genomic content. Subsequent meiosis reduces the DNA content by 

half, reinstating the original ploidy of the parental strains. Some fungi, like 

Saccharomyces cerevisiae, favor propagation in the diploid state while other fungi, 

like Schizosaccharomyces pombe, prefer to propagate in the haploid state with a 

transient diploid state, as is the case observed in Cryptococcus [43,79,80]. 

Cryptococcal cells isolated from clinical and environmental settings are normally 

haploid with 14 chromosomes. FACS analyses have revealed an appreciable 

proportion of AD hybrids to be diploid [41,49,81]. However, it is possible that the 

diploid AD hybrids are not heterozygous at all loci across the genome: the remaining 

copy of a chromosome is often duplicated following LOH events, maintaining 

diploidy. Environmental stress has been observed to induce chromosome mis-

segregation causing chromosomal instability. For example, exposure to a high-dose 

fluconazole treatment can result in the amplification of Chromosome 1 in both haploid 

C. neoformans and AD hybrids [77,78]. Comparison of haploid and diploid C. 

neoformans cells found that haploid cells were generally more virulent than diploid 

cells in a murine inhalation model of cryptococcosis [66]. However, in a rabbit 

infection model, diploids displayed similar virulence levels to haploid forms [80]. 

Higher ploidy was found to be associated with larger cell size in C. neoformans. For 

example, titan cells that can grow up to an impressive 100 µm in diameter contain 16, 

32, 64 or more copies of the genome [82]. The large size facilitates the survival of 

titan cells during infection by hindering ingestion by host macrophages and by 

imparting resistance to oxidative and nitrosative stresses [75].  

However, in certain cases, increased ploidy has been shown to have modest 

detrimental effects on virulence in a murine inhalation model, growth at high 

temperature, and melanisation [66]. In addition, melanin production was found to be 

correlated with monosomy at chromosome 13, while disomic variants produced less 

melanin and were less virulent in mice in C. neoformans cells isolated from AIDS 

patients [83]. The plasticity of their genomes provides cryptococcal hybrids with the 
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flexibility to alter their ploidy, via chromosome loss/gain or duplication, which in turn 

promotes adaptation to a wide range of environmental conditions.   

Cryptococcus as a model system for fungal hybridization 

Hybrids face significant challenges on survival and functionality due to two divergent 

genomes residing in the same cell. In a process referred to as genome stabilization, 

hybrids eliminate unfavorable combinations of the two parental genomes via a variety 

of mechanisms including recombination, gene conversion and chromosome loss [78]. 

The rate at which genome stabilization is achieved in a hybrid may be related to the 

extent of divergence between the two parental genomes since incompatibilities 

between more differentiated genomes will be resolved faster within the hybrids. For 

example, aneuploidy is commonly found in hybrids derived from two divergent 

parents, while frequent LOH events can be viewed as a mechanism of achieving 

genome stabilization.  

Chromosomal nondisjunction during meiosis coupled with LOH during vegetative 

growth leads to the creation of cryptococcal hybrids with novel and unique allelic 

combinations not found in parental species. The novelty and plasticity of their 

genomes have put cryptococcal hybrids at a unique position to dynamically adapt to 

novel environmental niches and compete with parental lineages in current habitats. In 

fact, hybrid vigor displayed by some hybrids in laboratory settings and the increasing 

presence of AD hybrids in clinical samples reveal the ability of cryptococcal hybrids 

to successfully adapt to their environments. In summary, the genomic plasticity likely 

facilitates rapid adaptation of hybrids to new environmental niches (e.g. harsh 

environments) or genetic perturbations.  

In a world where frequent international commerce and human travel is blurring 

geographical and spatial boundaries, hybridization between closely related taxa is 

becoming a common occurrence in all kingdoms of life. The seven species of the 

Cryptococcus species complex provide an excellent model system for studying 

hybridization in human fungal pathogens. Many tools have been developed and 

optimized for the study of these yeasts including numerous molecular, phenotypic and 

genetic assays, well-characterized laboratory strains as well as mouse models of 
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cryptococcal infections that make in vivo experiments feasible. Furthermore, whole 

genome sequences of hundreds of isolates from various geographical origins are freely 

available on online databases (ex: NCBI, FungiDB) while gene editing in these 

species can now be carried out with high efficiency using especially adapted CRISPR-

Cas9 [84]. Finally, experimenting on haploid yeasts such as Cryptococcus is more 

convenient, and the findings can be more generalizable compared to well-established 

diploid model organisms such as Saccharomyces cerevisiae. Insights gained from 

cryptococcal hybrid research can be used to guide research efforts on hybridization in 

lesser known pathogenic fungi such as B. dendrobatidis, discussed in the remaining 

sections of this review.  

6.7 Hybridization in an Aquatic Chytrid Fungus Associated with Amphibian 

Declines 

The amphibian chytrid Batrachochytrium dendrobatidis 

The chytrid fungus Batrachochytrium dendrobatidis (Bd) is a broad host-range 

pathogen that is known to infect close to 700 species of frogs, salamanders, and 

caecilians worldwide [85]. Bd is now recognized as the major contributor to near-

simultaneous amphibian population declines in the 1980s and 1990s that are 

correlated with arrival of the pathogen [86,87]. To date, Bd has been detected on 

every continent except Antarctica [88] and is most likely introduced from source 

populations in east Asia [89]. 

Bd is composed of at least four deeply divergent evolutionary lineages with varying 

geographical histories and virulence against hosts. The most widespread and well 

documented of these lineages is a globally-distributed, hypervirulent diploid genotype, 

BdGPL (Global Panzootic Lineage) [90]. The other, putatively less virulent lineages 

of Bd include: a Brazilian lineage endemic to the Atlantic Forest region of southern 

Brazil, BdBrazil (also known as BdBrazil/Asia2) [89,91]; an African lineage endemic 

to the Cape region of South Africa, BdCape [90]; and an endemic Asian lineage 

BdAsia1, believed to be closest to the source of origin for Bd diversity [89]. Recently, 

the existence of an additional endemic lineage BdAsia3 widespread throughout 

southeast Asia was reported from amphibian swabs [92].  

Hybrids in Batrachochytrium dendrobatidis 
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Intraspecific hybrid strains resulting from outcrossing between parental genotypes of 

divergent lineages are rare, but known to occur. Within the divergent lineages of Bd, 

reproduction appears to be strictly asexual [93] with the exception of BdAsia1, which 

has a population signature of a highly recombining population [93]. Outcrossing and 

hybridization are only known to occur in secondary contact zones where divergent 

lineages have been brought into proximity by human activity. There are currently five 

hybrid Bd isolates reported in the literature from two hybrid zones. Three of these 

hybrid isolates were documented from the Atlantic Forest of Brazil within a narrowly 

restricted zone in the southern Brazilian state of Paraná [91,94,95]. This locality is one 

of the areas where the BdGPL and BdBrazil lineages overlap. The other two known 

Bd hybrids are described from the Eastern Cape Province of South Africa where 

BdGPL and BdCape overlap. Putative hybrid isolates were also identified from 

genotyping DNA from amphibian skin swabs, but these could also be explained by 

coinfection [92]. Unlike the narrow geographic range of the Brazilian hybrid zone, the 

two South African hybrid isolates were collected approximately 200 km apart from 

one another [89]. Additional regions where secondary contact could occur along with 

hybridization are Europe, western Africa, and Central America [89,92,95]. These 

regions are of interest with respect to hybridization because they harbor BdGPL and 

BdCape lineages which are known to hybridize. Evidence of hybridization derives 

from combination of otherwise lineage-specific alleles into the same genome, 

increased heterozygosity, and Bayesian admixture analyses [89,94,95]. It is unclear 

whether hybrids are favored by natural selection where they are created. In order to 

test this, it would be useful to return to regions where hybridization has occurred in 

order to attempt reisolation of the same hybrid genotypes and to estimate frequencies 

of hybrids related to parental species. Both measures can test whether hybrid 

genotypes are on the increase, which is predicted if they are favored by selection. 

While clear genetic evidence of hybridization in Bd exists, mating and hybridization 

have not yet been observed in situ or in the laboratory. Likewise, specialized meiotic 

structures have never been reported for this species. The cellular process of 

hybridization in Bd is of special interest to understanding the dispersal ecology of this 

pathogen because sexual reproduction in related members of the Chytridiomycota 
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results in production of environmental-resistant resting spores which may facilitate 

environmental or long-range transmission. Alternative cellular mechanisms of 

outcrossing that do not involve meiosis have also been proposed. One alternative 

mechanism by which Bd may be outcrossing is through a parasexual cycle [95]. 

Parasexual reproduction is well documented in other groups of pathogenic fungi, such 

as Candida albicans [96,97] This mode of reproduction involves the fusion of diploid 

cells without meiosis. The resulting cell is a tetraploid intermediate which in most 

cases loses chromosomal copies back to a diploid state (Figure 3). Such a 

reproductive mechanism may explain the varying levels of aneuploidy prevalent 

throughout individual Bd isolates as well as the lack of obvious meiotic structures or 

resting spores in this species. On the other hand, given the diversity of mechanisms 

possible to create aneuploidy as discussed above for Cryptococcus, it is plausible that 

the sexual cycle of Bd is typical for other fungi, cryptic as it may be. 

 

Figure 3: Parasexuality is a process of reproducing without a reductive cell division (meiosis). 

With parasexuality, a tetraploid offspring is produced which is a transient stage followed by random 

loss of chromosomes during vegetative growth. 

Outcomes of hybridization in Batrachochytrium dendrobatidis 

The phenotypic outcomes of hybridization in Bd remain largely unknown. In the only 

currently available study on hybrid phenotypes, Greenspan et al. [98] showed that 

hybrid virulence and pathogenicity was highly dependent on the infected host species. 

In a virulence challenge assay the authors infected two endemic Brazilian, direct-

developing frog species with BdGPL, BdBrazil, or hybrid isolates produced by the 
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two lineages. In one host species, the high-altitude endemic pumpkin toadlet 

(Brachycephalus ephippium), hybrid isolates were more virulent – causing greater 

mortality in host animals – than either BdGPL or BdBrazil isolates. The endemic 

BdBrazil was the least virulent in this host species. In the other host species tested, the 

robber frog (Ischnocnema parva), hybrid isolates displayed an intermediate degree of 

virulence with BdGPL being the most, and BdBrazil being the least virulent. 

Hybrid pathogenicity also varied according to host context. In the Greenspan et al. 

[98] study, the authors examined pathogenicity among isolates in three host species by 

assessing pathogen load upon host mortality. Again, the pathogenicity phenotypes of 

hybrids depended on the host species. In the host species, B. ephippium, where hybrid 

isolates were most virulent, the hybrids were also more pathogenic, with hybrid strains 

producing the highest spore loads on hosts at the time of mortality. In I. parva, the 

host species in which hybrid virulence was intermediate between BdGPL and 

BdBrazil, spore loads produced by hybrid isolates were comparable to those of 

BdGPL. The third species examined in the Greenspan et al. [98] study, the habitat-

generalist, swamp treefrog (Dendropsophus minutus), is known to be more tolerant to 

Bd infection in laboratory challenge assays [99]. Because of this, infection 

experiments did not produce sufficient mortality in this species to analyze differences 

in virulence. However, the authors showed that Bd pathogenicity varied by genotype 

in this host species. Hybrid isolates produced spore loads intermediate between 

BdGPL (highest loads) and BdBrazil (lowest) when the host animals were assessed 60 

days post-inoculation. 

In summary, much work remains to be completed in understanding the cellular 

processes and phenotypic outcomes of hybridization in Bd. However, the Greenspan 

et al. study documents two very interesting results. First, hybrid genotypes do show 

some degree of heterosis (hybrid vigor) in both virulence and pathogenicity 

characteristics. Second, and very importantly, this increase in virulence and 

pathogenicity of the hybrid strains are context dependent on the host species being 

infected. These results highlight that predicting the phenotypic characteristics of 

hybrid Bd genotypes is very complex, and further experimental work should focus on 

assessing hybrid characteristics in a broad range of host species. 
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Aneuploidy in Batrachochytrium dendrobatidis 

Although most fungi are considered to have zygotic meiosis where the diploid stage is 

highly limited, this is a gross generalization. In fact, there are no extensive studies of 

the genetics of Chytridiomycota that would allow ploidy changes during the life cycle 

to be fully elucidated. In Bd, an outcome of hybridization is the creation of genomes 

that are approximately 0.233% heterozygous [94]. This level of divergence is 

considerably lower than other hybrids like the cryptococcal hybrids and presumably 

should not provoke chromosome incompatibilities. Nonetheless, the presence of 

chromosomal rearrangements across Bd lineages has not been explored. Like 

Cryptococcus, Bd is also capable of generating genetic diversity via dynamic genome 

mutations including aneuploidy and LOH. While the Bd genome is generally 

considered to be diploid, chromosomal copy number can vary greatly. Whole genome 

sequencing studies of Bd find high variation in aneuploidy within individuals and 

among closely related isolates. Chromosomal copy number in Bd can vary between 1 

(monosomic) to 5 (pentasomic). In 51 Bd genomes that have been sequenced and 

analyzed for copy number variation, two studies together show that approximately 

58.7% of Bd chromosomes are disomic, 29.0% are trisomic, 11.3% are tetrasomic, 

and less than 1% monosomic or pentasomic [94,100]. 

The widespread nature of aneuploidy across major lineages of Bd suggests that it may 

be an important mechanism in the generation of genetic variation, especially given the 

rarity of sexual reproduction observed in this species. Links between variation in 

chromosomal copy number and phenotypic effect, however, have been difficult to 

establish in this species. This is largely due to the paucity of phenotyped Bd isolates 

with accompanying whole genome sequences. Comparatively, no obvious patterns 

have emerged to link highly aneuploid genomes to the hypervirulent BdGPL clade. 

The BdGPL lineage contains representative isolates displaying disomic, trisomic, and 

tetrasomic genomes throughout its phylogeny [94,100]. While the sample sizes of 

analyzed genomes outside the better-studied BdGPL clade are very small, some 

phylogenetic trends are beginning to emerge around Bd aneuploidy with respect to 

lineage. In the novel, enzootic Bd lineages, the BdCape isolates analyzed so far (n = 5) 

show a mix of trisomic (60%) and tetrasomic (40%) genomes [100]. Three 
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representative isolates assigned to BdCH were mostly trisomic. BdBrazil isolates (n = 

2) were mostly disomic [94]. Finally, the single BdGPL/BdBrazil hybrid analyzed is 

also mostly disomic, with 13/17 of its major chromosomes disomic and 4/17 trisomic 

[94].  

In addition to observations of widespread aneuploidy in Bd, chromosomal copy 

number has also been shown to be mutable over short timescales. Farrer et al. [100] 

examined replicate laboratory lines of an ancestrally trisomic Bd isolate serially 

passaged over 40 passages under differing growth conditions. One line was passaged 

in a standard media while the other was passaged in a selective media containing 

defensive antimicrobial peptides collected from the European water frog (Pelophylax 

esculentus) [101]. After approximately 40 weekly passages, the culture sequenced 

from standard media lost a copy of one chromosome (supercontig IV) and gained a 

copy of another (supercontig V), while the culture passaged in antimicrobial peptide 

media gained a chromosomal copy at supercontig V. Another study investigated 

genomic changes of an isolate, JEL427, before and after 30 transfers in the lab [102]. 

The isolate showed lower virulence and spore production after the passages [103]. The 

major change in the isolate over the 30 passages was a reduction in ploidy, going from 

an average of 3.6 copies per chromosome (in practice genomic scaffold as the 

genomic map is not available) to 3.1. The difference between the two laboratory 

evolution studies may relate to their divergent starting points, but both results show 

that aneuploidy changes can occur rapidly in Bd, perhaps serving as a mechanism for 

rapid genomic adaptation to changing selective pressures. While the functional 

underpinnings of these pattern are difficult to tease out, they may suggest that specific 

Bd chromosomes more readily gain or lose copies. This pattern is also reported in 

another major study investigating aneuploidy in Bd, where the authors find that 

supercontig V is one of the Bd chromosomes more likely to present higher than 

average copy numbers [94]. 

Characterization of the ploidy of additional hybrid isolates will be essential for 

understanding whether meiosis and sex result from fusion of haploid gametes or 

through a parasexual cycle. The general reduction of chromosome number over time 

from an ancestor of higher than disomic average chromosome numbers would tend to 
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support parasexuality, however, the absence of more than two alleles per locus 

suggests that more likely an endoduplication of all or part of the genome occurs 

sometime after hybridization. Either way, hybrid genotypes present a greater deal of 

allelic diversity which could facilitate adaptation by LOH. Understanding whether 

LOH occurs primarily at the chromosome level, i.e., aneuploidy, or at the gene level, 

e.g., gene conversion, in hybrid isolates is critical for understanding the nature and 

magnitude of the selective forces they experience. 

LOH in Batrachochytrium dendrobatidis 

Loss of heterozygosity is a well-known feature contributing to genome diversity in 

Bd. LOH is hypothesized to occur during asexual reproduction of Bd through mitotic 

recombination, chromosome loss, or gene conversion [93]. In addition to changes in 

chromosome copy number, LOH has great capacity to generate genotypic diversity 

without the input of new alleles [104]. This may be particularly important in clonally 

dominant pathogen lineages such as in Bd, such as the BdGPL lineage which typically 

shows a maximum of two alleles per locus, despite being frequently trisomic. The 

genotypic diversity generated by LOH should alter combinations of alleles within and 

across loci displaying overdominance, underdominance, or epistasis, which can then 

be subject to selection pressure with presumably advantageous tracts of LOH 

sweeping to fixation in a population.  

The most prominent example of this in Bd may be a large, shared LOH region on 

supercontig II that is present in all members of BdGPL [89,94,100]. The conserved 

nature of this LOH feature throughout the globally invasive clade may reveal clues to 

the successful proliferation of this lineage. Gene functions enriched in shared LOH 

regions of BdGPL included processes related to reactive oxygen metabolism, L-serine 

metabolism, and superoxide dismutase/oxidoreductase [94]. These gene classes, in 

addition to various peptidases identified through comparative genomics with the 

closely related non-pathogenic chytrid Homolaphlyctis polyrhiza [105], and 

transcriptomic studies of Bd infections [106,107], are possibly involved in the 

genomic evolution underpinning the adaptive success of BdGPL in varied habitats 

worldwide. 
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In clonally reproducing diploid organisms such as Bd, the lack of outcrossing results 

in regions of LOH in the genome persisting in lineages through time. Because of this, 

shared homologous regions of LOH can be a powerful tool to inform populations of 

closely related clonal strains. For example, homologies in patterns of LOH have been 

used to distinguish evolutionary subclades within the global BdGPL [93,104]. Further 

geographic sampling and improved computational methods to detect homologies in 

LOH patterns hold the promise of resolving finer-scale intra-lineage population 

structure, and providing a more refined picture of the geographic history of this 

ecologically important pathogen. 

6.8 Conclusions and Perspectives 

Hybridization and genomic plasticity appear to be shared hallmarks contributing to 

rapid adaptation in fungal pathogens. The shared mechanisms of hybridization, 

aneuploidy, and LOH between the two major fungal pathogens Cryptococcus and B. 

dendrobatidis span the fungal tree of life (phylum Basidiomycota to 

Chytridiomycota), and appear to reflect a global pathway for rapid adaptation in 

pathogens across the fungal kingdom. Themes emerging from multiple studies of 

fungal hybrids are that they demonstrate increased ploidy, heterosis, and novel 

ecological niches. Prime examples of successful hybrids with these traits across the 

fungal tree of life are readily found. For example, hybridization in the plant 

endophytic species Epichlöe leads to asexual diploids/polyploids with major benefits 

to the host and hence fungus [108]. Likewise for the pathogen, Verticillium 

longisporum, hybridization is associated with expanded host range and diploidization 

[109,110]. Ancient hybridization is involved in the diversification of Saccharomycete 

yeasts [111], while more recent hybridization and polyploidization is involved in 

formation of yeasts (Saccharomyces spp.) involved in beer brewing [112,113]. 

Finally, two examples of human pathogenic species appear to be largely of hybrid 

origin: the halophilic black yeast Hortaea warnecki is the cause of superficial skin 

infection, tinea nigra [114] and the recently described, but rare, Candida metapsilosis 

[115].  

The above-mentioned fungi generally are discovered as F1 hybrids with higher ploidy 

than their parental species or lineages. For example, in the case of Cryptococcus, like 
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most of the hybrids mentioned above, the hybrid isolates are generally diploid or 

aneuploid. On the other hand, for Bd, there is no evidence that F1 hybrids have higher 

ploidy than the parental genotypes and there is some evidence that some hybrids may 

be backcrossed or selfed (Jenkinson, unpublished). Other modes exist, such as 

homoploid hybrids in Zymoseptoria pseudotritici and Microbotryum spp. [116,117]. 

Following the formation of F1 hybrids, persistence and adaptation is facilitated by the 

mechanisms of genomic plasticity during asexual growth such ploidy cycling and 

LOH. The high number of successful asexual F1 hybrids with heterosis across species 

suggests that any reproductive isolation caused by genetic incompatibilities are likely 

to be recessive as predicted by theory [1]. Overall, however, it is plausible that the 

importance of hybridization in fungal adaptation may be overinterpreted as the 

likelihood of identifying or observing failed hybrids is low. The community would 

benefit from additional work synthesizing hybrids in the lab to understand and predict 

the outcome of hybridization on evolution, such as conducted for investigating 

reproductive isolation in Neurospora and Microbotryum [118,119]. More needs to be 

known about fungal adaptation to ecological gradients in order to understand whether 

hybrid zones are likely to exist at the boundaries in which allopatric species meet. 

Understanding the evolutionary dynamics of better studied pathogens such as 

Cryptococcus can inform the biology of less characterized, or newly discovered fungal 

pathogens such as Bd. For example, in Cryptococcus most natural hybrids appear to 

be close to F1, and these data also agree with expectations of chromosomal pairing 

problems reflected in the 100 million year divergence between C. neoformans and C. 

deneoformans [19–22] and the studies which show meiotic segregation in F1 hybrids 

to be highly abnormal [55]. Though the time frame of divergence between the lineages 

of Bd is debated [89,94], at the extreme end an estimate of 100,000 years of 

divergence before hybridization is three orders of magnitude younger than 

cryptococcal hybrids. These data predict that F2 and further generation of hybrids of 

Bd are likely to exist, and it would be appropriate to account for this possibility when 

additional sampling in regions of admixture in conducted. As another example, 

mitochondrial genotype in Cryptococcus is not known to have an impact on hybrid 

fitness, yet this has been demonstrated in other species of fungal hybrids, using 
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crossing designs that create identical nuclear genomes in alternative mitochondrial 

association [80,120]. More work should be done to develop a crossing system in Bd 

that could allow mitochondrial-nuclear genetic interactions to be tested. Finally, in 

Cryptococcus, same-mating-type mating was first demonstrated to occur in nature, 

because the mating type locus had been well described and easily genotyped [37]. 

This is a large hurdle for a species like Bd, but the fact that Bd hybrids exist should 

provide impetus to determine the genetic basis of mating types which may reveal 

similar same-mating-type mating dynamics. 

Regardless of underlying genetic differences between Cryptococcus and Bd, there are 

several commonalities regarding hybridization. Hybrids in both genera show increased 

genomic plasticity with the potential to generate transgressive phenotypes, unleashed 

following both meiotic and mitotic recombination. Hybrids in both genera reveal that 

it is a subset of environments, rather than all, in which they have higher fitness. 

Finally, the spread of both pathogens likely involves human-assisted migration that 

led to subsequent admixture. Given the potential adaptive benefits of hybridization in 

both Cryptococcus and Bd, improved measures for pathogen containment to prevent 

increased opportunities for hybridization should be put in place, both in clinical and 

environmental settings. 
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Chapter 7 

 

Patterns of allele distribution in a hybrid population 

of the Cryptococcus neoformans species complex 

 

7.1 Preface 

The increasing prevalence of C. neoformans x C. deneoformans hybrids (termed AD 

hybrids) in clinical settings warrants investigations into their genetic makeup and 

potential for enhanced virulence. Previous studies have shown that, unlike their 

haploid parents, AD hybrids are diploid or aneuploid with significant genomic 

instability. We used polymerase chain reaction – restriction fragment length 

polymorphism (PCR-RFLP) markers to characterize the genome-wide allele 

distribution of a lab-generated AD population. Our results showed AD hybrids to have 

significantly skewed allele distributions with alleles from the mitochondria-donor 

parent being significantly favored over the other. Our study contributes an important 

piece to painting a comprehensive picture of the genetic architecture of these hybrids.  

This manuscript has been published in Mycoses volume 63, issue 3. I am the primary 

contributor of this work. I conducted the majority of the experiments, data analysis 

and drafting of the manuscript. Co-authors of this article are Aaron Vogan, Nicole 

Pum and Jianping Xu. 
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7.2 Abstract 

Background: The sister yeast species Cryptococcus neoformans (serotype A) and 

Cryptococcus deneoformans (serotype D) are causative agents of deadly 

cryptococcosis and fungal meningoencephalitis. These haploid yeasts can hybridize in 

nature, giving rise to AD hybrids that are predominantly diploid or aneuploid. Despite 

their increasing prevalence in clinical settings, much remains unknown about the 

allelic distribution patterns in AD hybrid strains. 

Objectives: This study aims to characterize allele distributions in AD hybrids derived 

from the same basidium as well as from multiple basidia in a laboratory C. 

neoformans x C. deneoformans hybrid cross. 

Methods: We dissected a total of 1625 basidiospores from 31 basidia. The 297 

basidiospores that successfully germinated were genotyped by molecular 

characterization of 33 markers using PCR-RFLP, with at least two markers on each of 

the 14 chromosomes in the genome.  

Results: 294 of the 297 strains contained at least one heterozygous locus, with a mean 

heterozygosity of ~30% per strain. Most hybrid genomes and chromosomes displayed 

significantly distorted allele distributions, with offspring originating from the same 

basidium tended to have alleles at different loci from the same parent. More basidia 

were skewed in favor of C. deneoformans alleles, the mitochondria-donor parent, than 

the C. neoformans alleles. 

Conclusions: The divergence between C. neoformans and C. deneoformans genomes 

has likely created co-adapted allelic combinations, with their co-segregation in hybrid 

offspring imparting a significant fitness benefit.  However, the diversity of genotypes 

recovered here in a single hybridization event indicates the enormous capacity of AD 

hybrids for adaptation and diversification. 
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7.3 Introduction 

Hybridization between closely related lineages is a common occurrence in nature 

among plants, animals and eukaryotic microbes such as fungi. Depending on the 

compatibility between the parental lineages, outcomes of hybridization can range from 

complete prezygotic isolation to production of fertile progeny with hybrid vigor. The 

study of hybrids can provide valuable insights into the evolutionary history, genetic 

compatibilities, and phenotypic profiles of the parents. Existence of hybrids can also 

complicate nomenclature assignments and render taxonomic statuses of the parental 

species ambiguous. The pathogenic yeast pair Cryptococcus neoformans (serotype A) 

and Cryptococcus deneoformans (serotype D) of the C. neoformans species complex 

(CNSC), known to hybridize in nature, provides a valuable model system for studying 

these phenomena.   

C. neoformans and C. deneoformans are the causative agents of cryptococcosis that 

claims over 180 000 lives worldwide every year1. Commonly found in the 

environment in association with trees, soil and bird droppings2, their combined 

geographical distribution spans the entire globe with isolates having been recovered 

from all continents except Antarctica3. Haploid C. neoformans and C. deneoformans 

strains can hybridize with each other in nature to produce diploid/aneuploid hybrid 

strains, commonly referred to as AD hybrids4,5. Initially discovered in the late 1970s, 

AD hybrids have since been recovered from both environmental and clinical samples 

with a high prevalence in Mediterranean Europe, where up to 30% of all cryptococcal 

infections are caused by hybrid strains6–10. AD hybrids can also be generated under 

laboratory conditions by mating strains of the two species with each other, albeit with 

low spore germination rates of ~5-20%5,11,12. Hybrid spores that do germinate often 

contain an abnormal number of chromosomes, consistent with impaired meiosis and 

nondisjunction of parental chromosomes during hybridization4,5,13. While most AD 

hybrids are heterozygous at multiple loci across the genome, including the mating 

type (MAT) locus, few are self-fertile or can mate with strains of the opposite mating 

type5,14.  

Despite low viability and infertility of sexual spores derived from hybrid crosses, both 

lab-derived and natural AD hybrids show a remarkable phenotypic diversity in 
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virulence and associated characteristics. While some studies found AD hybrids to 

show hybrid vigor, others have reported the virulence of AD hybrids to be comparable 

to that of their more virulent parent15–17.  Both the hybrids’ genetic background 

(including mating type) and the type of host animals used as infection models can 

influence the in vivo virulence variations15,17. Furthermore, a few studies found AD 

hybrids to exceed both parents in their resistance to UV irradiation and the antifungal 

drug FK50618–22. Another study found extreme phenotypes, both positive (i.e. 

significantly more than both parents) and negative (i.e. significantly less than both 

parents), among lab-derived AD hybrids in the expression of virulence factors 

including capsule production, growth at 37°C and melanin production16. The 

phenotypic diversity found among AD hybrids in clinical, environmental and 

laboratory settings is indicative of significant genetic diversity present within the 

hybrid population, a likely product of their novel and unique genetic make-up.  

Hybridization between C. neoformans and C. deneoformans is marked with frequent 

chromosomal non-disjunction, meiotic recombination and mitotic recombination, 

leading to the creation of novel allelic combinations11. Furthermore, AD hybrid 

genomes can be subjected to loss of heterozygosity (LOH) during vegetative growth 

via chromosomal loss and/or mitotic gene conversion22,23. While whole-genome 

hybridization and sequencing approaches have been used to study cryptococcal hybrid 

genetics24,25, most such studies have been limited by a small sample size. As a result, 

much remains unknown about allelic distributions and compatibilities at the 

chromosomal level, especially for AD hybrids derived from the same hybridization 

event. Studying allele segregation in AD hybrid genomes will provide much needed 

insights into their genetic repertoire and phenotypic diversity.  

A topic currently under debate is whether C. neoformans and C. deneoformans, 

estimated to have diverged from a common ancestor ~20 million years ago26,27, should 

be classified as varieties, as opposed to two distinct species28–30. At present, C. 

neoformans and C. deneoformans are alternatively referred to as C. neoformans var. 

grubii and C. neoformans var. neoformans respectively. AD hybrids have complicated 

this issue of classification as their existence attests to the ability of the two parental 

species to mate with each other while low viability of hybrids points to some post-
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zygotic reproductive barriers. Studying the genetic composition of viable AD hybrids 

can shed light on the structures and compatibilities of C. neoformans and C. 

deneoformans genomes, which in turn will provide insights into the extent of 

genotypic and reproductive divergence between the two lineages. 

The objective of this study was to investigate the patterns of genome-wide allele 

distribution in a lab-derived AD hybrid population. We were specifically interested in 

characterizing allele segregations at three distinct levels: (i) general trends in genome-

wide allele distribution at the population level; (ii) differential distribution patterns 

between chromosomes; and (iii) distributions among spores originating from the same 

basidium (i.e. same meiotic event). To accomplish these objectives, we constructed a 

hybrid cross in the lab by mating CDC15 (C. neoformans, serotype A, MATα) with 

JEC20 (C. deneoformans, serotype D, MATa). We dissected a total of 1625 

basidiospores from 31 basidia: the positions of dissected spores on the spore chains 

were recorded to follow the sequential rounds of mitosis that occur during spore 

production within each basidium. 297 spores that successfully germinated were then 

genotyped at 33 PCR-RFLP (Polymerase Chain Reaction – Restriction Fragment 

Length Polymorphism) markers dispersed throughout the genome and their patterns of 

allelic distributions were analyzed.  

7.4 Materials and Methods 

Hybrid population: C. neoformans strain CDC15 (serotype A, molecular type VNI, 

MATα) was mated with C. deneoformans strain JEC20 (serotype D, molecular type 

VNIV, MATa) on V8 juice agar medium for ~4 weeks until a prominent ring of sexual 

mycelia was observed around the mating colonies. Basidiospores were dissected from 

the spore chains onto yeast extract peptone dextrose (YEPD) agar using a Singer 

MSM 300 micromanipulator as described in Vogan et al. (2013)11. Spores were 

dissected starting from the ends of the chains and then sequentially moving towards 

the basidia. Spores closer to the basidia contain nuclei that have undergone more 

mitotic divisions than those located further away from the basidia. Basidiospores were 

allowed to germinate over 2 weeks at room temperature. The germination rate per 

basidium was calculated as the number of spores that germinated out of the total 

number of spores that were micro-dissected from that basidium onto YEPD.  
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Genotyping: Genomic DNA was extracted from spores that germinated to form 

colonies on YEPD using standard chloroform-isoamyl alcohol methodology11,26. 

Hybrid strains were then genotyped at 33 co-dominant PCR-RFLP markers 

(Supplementary Table S1) taken from a previous study16. At least two markers were 

selected for each of the 14 chromosomes in the genome (Figure 1). The primer 

sequences and restriction enzymes of the PCR-RFLP markers used in the study are 

listed in Supplementary Table S1. At each marker, the genotypes were recorded as 

‘A’ for the C. neoformans (serotype A) allele, ‘D’ for the C. deneoformans (serotype 

D) allele, and ‘AD’ for the presence of both serotype A and serotype D alleles. 

 

 

Figure 1: The positions of the 33 PCR-RFLP markers on chromosomes. The AD hybrids were 

genotyped at each of these 33 PCR-RFLP markers to determine whether they contained one or both 

parental alleles at these loci. Most markers are located at the ends of chromosomes with a few located 

in the middle. 

Trends in Heterozygosity: The percent heterozygosity for each progeny strain was 

calculated as the proportion of loci that contained both A and D alleles, out of the total 

of 33 genotyped loci. Then, for each basidium, the progeny strains were listed in the 

order they appeared on the spore chain and their numbers of heterozygous loci were 

compared to determine if there was a gradual change of heterozygosity along each 

spore chain.  

Distorted allele segregations: For each progeny strain, the numbers of loci that were 

homo-/hemi-zygous for the A allele, homo-/hemi-zygous for the D allele, and 
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heterozygous for both A and D alleles were counted. Allele distributions were 

considered to be skewed if a hybrid strain contained significantly more loci that were 

homo-/hemi-zygous for one parental allele over the other.  Next, genotype data for 

progeny strains originating from the same basidium were combined to detect any 

common patterns in allele distributions for marker loci across entire basidia. 

Preferential retention of chromosomes from one parent: The genotype data from 

all hybrid strains for markers located on the same chromosome were pooled together. 

Then, the proportions (p) of progeny strains that were heterozygous (AD) or homo-

/hemi-zygous for the parental alleles (either AA or DD) were calculated for each of 

the 14 chromosomes. Next, observed frequencies (f) of the two parental alleles at each 

chromosome were calculated assuming diploidy at all loci. Equation 1 shows a sample 

calculation for determining the observed frequency of the A allele at a chromosome. 

The expected frequency for each of the two parental alleles was 0.5 under the 

assumption of unbiased, random segregation.  

Equation 1 

𝑓(𝐴) =
2𝑝(𝐴𝐴) + 𝑝(𝐴𝐷)

200
 

 

Chi-square tests were performed for each chromosome to test whether observed 

frequencies were significantly different from expected frequencies at a significance 

threshold of p < 0.05.  

Bateson–Dobzhansky–Muller (BDM) incompatibilities: The BDM incompatibility 

model explains a form of post-zygotic reproductive isolation where alleles at two 

different loci of two divergent populations are no longer compatible with each 

other31,32. The current study included two PCR-RFLP markers (A6310 and A7310) 

that are ~280 kb apart on chromosome 1 between which a unidirectional BDM 

incompatibility was detected in a previous study33. In that case, the C. neoformans 

allele at A6310 was found to be incompatible with the C. deneoformans allele at 

A7310. The genotypes of our AD hybrid population were analyzed for the presence of 

this incompatibility.  
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Ethics statement: The authors confirm that the ethical policies of the journal, as 

noted on the journal’s author guidelines page, have been adhered to and the 

appropriate ethical review committee approval has been received. This study did not 

involve any human nor animal subjects. 

7.5 Results 

Spore germination: A total of 1625 spores from 31 basidia were micro-dissected 

from the periphery of the mating colonies between CDC15 and JEC20. The number of 

basidiospores dissected per basidium ranged from 25 to 71 (Supplementary Table 

S2). For 11 of the 31 basidia, none of the dissected basidiospores germinated and 

those spores were assumed to be inviable under our germination condition. 297 

basidiospores from 20 basidia successfully germinated to produce colonies on YEPD 

agar, resulting in an overall germination rate of 18.3%.  Among the 20 basidia that 

contained viable spores, germination rates varied significantly from 7.1% in basidium 

7 to 73.5% in basidium 3, with an average germination rate of 27.1% 

(Supplementary Table S2). Germination rates of basidia were not significantly 

correlated with the total number of dissected basidiospores (p > 0.3). The position of 

the germinated spores on their respective spore chains are shown in Supplementary 

Table S2. We would like to note that for most spores, the position on the chain is 

given as a range as it was difficult to determine the exact position due to their small 

size (~3-5µM) and the clustered nature of the spore chains34.  

Heterozygosity: We successfully genotyped the 297 hybrid strains at the 33 PCR-

RFLP markers. 294 strains contained at least one heterozygous locus while the 

remaining three were homo/hemizygous for A or D alleles across all 33 loci (Figure 

2). None of the hybrid strains were heterozygous at all 33 loci. The average 

heterozygosity per strain in the population was 30% (~10 out of 33 loci). Significant 

variability in heterozygosity was observed among hybrid strains, with a range of 0% 

to 70% (Figures 2 and 3). Interestingly, strains derived from the same basidium 

tended to have similar levels of heterozygosity. For example, the average 

heterozygosity across the nine progeny strains of basidium 2 was 5%, well below the 

average of the total population. On the other hand, the 28 progeny strains of basidium 
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9 displayed higher heterozygosity (45.8%) than the population average.  

 

 

Figure 2: Genotypes of AD hybrids at the 33 PCR-RFLP markers. Each row represents a hybrid 

strain and each column is a separate marker. The boxes are coloured according to the genotypes—A, D, 

AD and unknown. Strains originating from the same basidium are grouped together by the black, 

horizontal lines. The black, vertical lines group markers located on the same chromosome. 

 

Limited evidence for loss of heterozygosity during basidiospore formation:  

Within each basidium, we ordered the progeny strains according to their positions on 

the spore chains and compared their numbers of heterozygous loci. In basidium 2, the 

first 1-3 spores on the spore chain contained two or three heterozygous loci whereas 

the last two spores that germinated (7th and 8th on the spore chain) were 

homo/hemizygous at all 33 loci (Supplementary Table S2 and Figure 3), consistent 

with gradual loss of heterozygosity as more basidiospores were produced. However, 

apart from this basidium, we failed to see any conclusive evidence for decreasing 

heterozygosity with an increasing number of mitotic divisions within basidia.  The 

number of heterozygous loci often fluctuated between strains irrespective of their 

positions on the spore chains (Figure 3).   
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Figure 3: Heterozygosity of hybrid strains. The per cent of heterozygosity (number of heterozygous 

loci/a total of 33 genotyped loci) of the 297 AD hybrid strains is shown here. Strains are grouped 

together according to their originating basidium, with different basidia visualised as different-coloured 

blocks. The number of progeny strains belonging to each basidium is shown at the top of the plot. 

Genetic heterogeneity among hybrids: We concatenated the genotypes at the 33 loci 

to obtain a multilocus genotype (MLG) for each hybrid progeny. Most hybrid strains 

originating from the same basidium showed unique MLGs. For example, each of the 

three progeny strains derived from basidium 13 had a unique genotype, while the 50 

progeny strains derived from basidium 3 belonged to 46 different MLGs (Figure 2 

and Supplementary Table S2). The number of unique MLGs present within a 

basidium was strongly correlated with its germination rate (r = 0.874, p < 0.001).  

Genome-wide bias in allele distributions: In most hybrid strains, allele distributions 

across the genome were skewed in favor of one parent over the other. Here we defined 

allele skewness in a progeny strain as the number of loci (out of the 33) homo-/hemi-

zygous for one parental allele being greater than twice (≥ x2) the number of loci that 

was homo/hemizygous for the other parental allele. The most extreme case was 

progeny strain 98 in which 30 of the 33 genotyped loci were homo-/hemi-zygous for 

the serotype D allele: of the three remaining loci, two were heterozygous and the third 

contained the serotype A allele. Overall, 146 out of the 297 strains were skewed for C. 

deneoformans alleles (49%), 106/297 were skewed for C. neoformans alleles (36%) 

and the remaining 45 strains did now show a clear skew towards either parent (15%).  
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Interestingly, allele distributions in progeny originating from the same basidium were 

often collectively skewed towards the same parent (Figure 4). For example, all 13 

progeny strains, including strain 98, that originated from basidium 6 contained 

significantly more serotype D alleles than serotype A alleles, with the number of loci 

homo-/hemi-zygous for serotype D ranging from 18 (progeny strains 95, 97, 99, 101) 

to 30 (progeny strain 98). Similarly, in basidium 16, 79% of the 33 genotyped loci 

across all 14 progeny strains were homo-/hemi-zygous serotype D allele while only 

8% contained serotype A alleles: the remaining 13% were heterozygous. In total, 13 

out of the 20 investigated basidia were collectively skewed towards C. deneoformans 

alleles. Only three basidia were skewed in favor of the C. neoformans parent with 

their proportions of C. neoformans alleles ranging from 50% to 64%. In the remaining 

four basidia, the majority of the loci were heterozygous (45%, 48%, 49%, 54%).  

 

 

Figure 4: Genotype distribution among hybrid strains originating from different basidia. 

Genotype data from strains belonging to the same basidia were pooled together and the proportions of 

loci homo-/hemizygous for serotype A and D alleles, as well as heterozygous loci were calculated. 

These pie charts display the proportions of the three genotypes found within each basidium.  
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Preferential retention of parental chromosomes: We conducted Chi-square tests on 

pooled genotype data for each chromosome to determine if the observed proportions 

of A, D and AD genotypes deviated significantly from a ratio of 1:1:1. This 1:1:1 ratio 

is derived based on the assumption that on average, each homologous chromosome 

pair had one chiasma per chromosome arm per meiotic event and that 50% of the 

chiasmata would cause chromosomal non-disjunction, resulting in the production of a 

heterozygote while the two remaining non-sister chromatids segregated properly into 

the next generation.  Overall, our results indicated significant deviations from the 

1:1:1 ratio for chromosomes 1, 2, 3, 4, 6, 7, 8, 9, 10, 11, and 13 (p < 0.05) (Figure 5). 

At chromosomes 1, 6, 7, 8 and 13, the progeny population showed a significant 

preference for the serotype D copy, whereas being heterozygous was preferred at 

chromosomes 2, 3, 9, and 11. Chromosome 4 was the only one showing statistically 

significant preference by the progeny from the serotype A parent. The remaining three 

chromosomes 5, 12 and 14 showed no statistically significant preference towards any 

of the three categories. 

A similar analysis using Chi-square tests was performed to determine if either 

serotype A or D allele was preferred at each of the 14 chromosomes at the whole 

progeny population level. In this analysis, all progeny strains were assumed diploid 

and the null hypothesis was that the A and D alleles were in equal frequency in the 

population, at 50% each. The results of our analyses separated the 14 chromosomes 

into three groups. The first group involved chromosomes 1, 2, 6, 7, 8, 10 and 13, with 

each of the chromosomes showing a preference (i.e. significantly more than 50%) for 

the D allele in the progeny population (p<0.05). The second pattern included three 

chromosomes 9, 11 and 12 that showed biases in favour of the A allele (p<0.05). The 

remaining four chromosomes (3, 4, 5, and 14) didn’t show a significant bias in favour 

of either the A or the D alleles. 
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Figure 5: Differential genotype distributions and allele distributions between chromosomes. 

Genotype data for markers located on the same chromosome were pooled together and the proportions 

of loci homo-/hemizygous for serotype A and D alleles, as well as heterozygous loci were calculated. 

These pie charts display the proportions of the three genotypes found at each chromosome.  

BDM incompatibilities: A bidirectional BDM incompatibility between markers 

A6310 and A7310 was detected in our AD hybrid population. None of the 297 hybrid 

strains were homo-/hemi-zygous for one parental allele at A6310 while being 

homo/hemizygous for the other parental allele at A7310. All other possible genotype 

combinations between these two markers were present in the population (A & A, D & 

D, A & AD, D & AD, AD & AD, AD & A) except for heterozygous at A6310 paired 

with homo-/hemi-zygous for D allele at A7310 (AD & D). 

7.6 Discussion 

Hybrids, by definition, are expected to contain a mosaic genome composed of genetic 

elements from both parents. Indeed, in certain cases, it is possible to use the whole 
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genome sequence of hybrids to reconstruct the ancestral sub-genomes of the parents35. 

However, AD hybrids surveyed here displayed significantly lower heterozygosity than 

expected: approximately 67% of their genomes were homo-/hemi-zygous for alleles 

from a single parent. In contrast, previous studies have found the average 

heterozygosity of natural AD hybrids to be 60-79%, based on genotypic data from loci 

located on multiple chromosomes, with AD hybrids containing higher overall 

heterozygosity showing greater virulence in mouse models15,17. It is possible that 

clinical and environmental settings, as opposed to laboratory conditions, present 

unique stressors to cryptococcal hybrids where retaining heterozygosity may be 

advantageous for better survival. Indeed, we note that the average heterozygosity of 

our study population was even lower than that observed in a previous, lab-derived AD 

hybrid population with the same parental strains (CDC15 and JEC20). In that study, 

the hybrid spores were collected by washing and were germinated at 37°C, which, as 

opposed to the optimum growth temperature of 30°C used in our study, creates 

thermal stress comparable to a mammalian infection36. In addition, the serotype D 

parent JEC20 is less thermotolerant than the serotype A parent CDC15. Therefore, our 

results suggest that in relatively stress-free environments such as an optimal 

temperature and abundant nutrients and moisture, serotype D alleles could be favoured 

to germinate over serotype A alleles. However, in certain cases such as at 

chromosome 9, our study population contained a high proportion (62%) of 

heterozygous loci, suggesting that retaining both parental copies of this chromosome 

might offer hybrids a fitness advantage.  

Consistent with our expectation, AD hybrid progeny from the same basidium showed 

similar genome-wide distortions in allele distributions. This is also consistent with 

previous results of mitotic recombination occurring within basidia which creates 

spores that are collectively biased towards one parental genome11. However, in the 

majority of basidia, a high diversity of nuclear genotypes was found among the 

spores, often more than expected based on a single round of meiosis (four 

recombinant haploid nuclei), either with or without random packaging of two nuclei 

per basidiospore (a maximum of 10 diploid genotypes total per basidium). Given the 

high degree of genetic diversity, it is likely that hybrids continue to lose 
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chromosomes, preferentially of the same parent, within the basidium or immediately 

after germination which could further skews the genome-wide allele distribution in 

favor of one parent.  Incompatibility between the two parental genomes, as evidenced 

by the presence of a BDM incompatibility detected between two markers on 

chromosome 1, could also contribute to differential chromosome loss between the two 

parents. This BDM incompatibility was reported to be unidirectional in a previous 

study whereas, in our population, both reciprocal genotypes were absent11. This 

inconsistency was likely due to random sampling effects between the two studies. 

All progeny from this cross inherited the mitochondrial genome from the serotype D 

parent JEC20. Thus, it is tempting to speculate that the clear preference of the hybrid 

progeny for the C. deneoformans’ nuclear genome could be due to inheriting 

mitochondria from the same parent. In Cryptococcus species, mitochondrial 

inheritance is uniparental with meiotic progeny inheriting mitochondria from the 

MATa parent37,38. In our cross, the C. deneoformans strain JEC20 was the MATa 

parent. While mitochondrial genomes are typically inherited independently from the 

nuclear genomes, interactions and coordination between the two genomes are essential 

for proper cellular function. Specifically, key protein complexes in mitochondria 

contain subunits encoded by both nuclear and mitochondrial genomes39. The 

estimated 10-15% nucleotide sequence divergence translates to the two species being 

different at ~2.5 million bases, given a total genome length of 20 Mb40. Consequently, 

key nuclear genes required for interactions with the mitochondrial genome are likely 

polymorphic between C. neoformans and C. deneoformans. Therefore, AD hybrids 

that retained components of MATa parent’s nuclear genome could be more likely to 

germinate due to their increased compatibility with their mitochondrial genomes 

inherited from the same parent. Similar analysis of progeny derived from a reciprocal 

hybrid cross between serotype A, MATa and a serotype D, MAT parents is needed to 

test this hypothesis. 

At the whole progeny population level, seven of the 14 chromosomes showed a biased 

allele distribution in favour of the serotype D alleles while three showed a skew 

towards the serotype A alleles, with the remaining four chromosomes showing no 

significant bias. The overall allelic biases were consistent with the genotype biases 
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across the genome. However, the chromosome-specific biases suggest differences 

among chromosomes in spore germination in a stress-free environment between the 

two parental genomes. While C. neoformans alleles are generally associated with 

higher virulence in vivo, their presence might be disadvantageous in the absence of 

stress, and especially in the light of possible incongruence with the mitochondrial 

genome.  

The germination rate observed in our interspecific cross between C. neoformans and 

C. deneoformans is consistent with previous estimates of approximately ~20%, 

suggesting that the majority of hybrid spores were inviable5,11,12,33. However, a 

significant variation in germination rates was observed among the 31 dissected basidia 

in our current study. Interestingly, all three basidia whose allele distributions were 

biased in favor of the C. neoformans parent had significantly higher germination rates 

than other basidia, at 29.3%, 54.3% and 73.5% (p < 0.05). This suggests that viability 

of hybrid progeny is highly sensitive to the complement of parental alleles they 

receive: if meiosis results in daughter nuclei receiving favorable combinations of 

parental chromosomes due to limited crossing over and/or co-segregation of 

chromosomes from the same parent, viability of resulting spores would increase. 

While our results point to C. deneoformans chromosomes as being preferred overall, 

the high germination rates of basidia skewed in favor of the C. neoformans parent 

suggests that it is possible to generate viable progeny given the right combination of 

genetic material from either parent.  

The increasing prevalence of AD hybrids among clinical samples necessitates a better 

understanding of the hybridization process between Cryptococcus species and the 

potential for increased virulence in resulting hybrids7. Transgressive segregation in 

virulence and virulence-associated phenotypes has been observed in previous 

interspecific crosses of Cryptococcus16,20,22. Our results highlight the significant 

departure of allele distributions from expected Mendelian ratios in AD hybrids. We 

also observed high genetic diversity being generated after a single hybridization event, 

as a result of meiotic recombination and mitotic recombination. The novelty and 

plasticity of their recombinant genomes could drive the hybrids’ evolution in 

successfully adapting to novel environments and competing with the parental lineages. 
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7.7 Supplementary Data 
 

Table S1: PCR-RFLP markers used to genotype AD hybrids 

Marker ID Primer Sequence Location A (bp) Size A (bp) Location D (bp) Size  D (bp) Enzyme

CNA00050F AGCAATTCCAAACCGACCCC 31347 1440 17738 1436 HaeIII

CNA00050R TTACGCCCACACCAAGGCAT 29908 19173 SacI

CNA06310F CGTATCCAGCGGCTGACCAC 1696056 1100 1715148 1105 PvuII

CNA06310R AATGGTCGCTAGACTGGACGGG 1697155 1716252

CNA07310F ACACCCCAAATTCCCCAACC 1973202 975 2000368 975 PstI

CNA07310R ACATCCCAAACGAACCCAC 1974176 2001342

CNA07990F TCCAATGGACGAGGACGATG 2177600 1430 2200900 1424 HinfI

CNA07990R TGACCGGTGTGGGTTGCAAT 2179029 2202323

CNB00360F AGTGCTCAGAGTCTGGGGCTGG 101410 1214 102897 1223 HincII

CNB00360R GCCATTCGCAGGGGTGGAGG 102623 104119

CNB05710F TTGGACAACGCAAGACCCCAG 1598321 1262 1601790 1263 HindIII

CNB05710R TGTTGCAAGCAACGATGCC 1599582 1603052

CNC00670F TGTGCGGCTTTGGGATTGGT 195225 1110 191360 1108 HaeIII

CNC00670R TTGCAGGTATGGCCGAATGG 196334 192467

CNC07180F TGGAGGCGTTGGGCGAAATAGAG 15726 1316 2100876 1309 HaeIII

CNC07180R TTCAGCCGTCGCCTTTACCACAA 17041 2102184

CND00510F CGGTGCCGCTTTATTTGTGGC 1650153 1325 150300 1327 HinfI

CND00510R TCTAGCGCCAAAGCGTGCAAG 1651477 151626

RUM1 TGAAGATTTTGGATTCGAAGAAGGTGACG 258645 1345 59083 1340 EcoRV

RUM1 CAAGTGCAGAGCTGATCGGCATGGG 259989 57744

CNE00250F TGGCGTCTCTTTGAACGCGATC 44253 1118 55046 1118 HaeIII

CNE00250R ATGGCGGAATGTCCGGCTTT 45370 56163

CNE05150F CCACACTTCCAACCATCCTCG 1417863 1182 1445761 1185 HaeIII

CNE05150R CATGACCTTCGGCTCCAGCAC 1416682 1444577

CNF00290F TCATGCCCCTTCGCCTTCAT 1307533 1457 96744 1455 HaeIII

CNF00290R TTCTCCTTCTCCCCATCCCA 1308989 98198

CNF04800F GGTCTGCTCTATATGAGCTGCG 49162 1044 1397215 1058 HindIII

CNF04800R GGAAACTGGTCCCCAACAATC 48119 1398272

CNG00170F TTTCTTCCGCCGCTTCTCAC 1348500 1245 42764 1232 HaeIII

CNG00170R ACAGCGCGTTGAGTTTCGGT 1349744 43995

CNG03250F TTGCCAATAACGTGGCACGG 444807 1424 916601 1423 HindIII

CNG03250R AAAGGGAGGCGGCTGATGATA 446230 918023

CNG04610F TGTTTCCCACAGGCCAAGGACT 59766 1466 1308769 1514 HinfI

CNG04610R CGTGCGCGAATGCATCGATAT 61231 1310282

CNH00030F TGTCGATGTGCTTCTCGGCA 12634 1272 1186643 1274 PstI

CNH00030R CTCCCTCCCATCCCAAAACAC 13905 1187916

CNH02750F TTGGATCGCTTGCTCGCGAA 818314 1428 349466 1411 EcoRI

CNH02750R AGGCCCGAGCAAAGGAATGA 819741 350876

CNH03360F CGGGGCTATTTGGAGCGAAA 968260 1396 150788 1380 HaeIII

CNH03360R ATGATGGGGCCTCTGGATTG 969655 152167

CNI00070F CCGCCTGCACACCTTTCTT 1142613 1214 20265 1200 XhoI

CNI00070R TGTCTTCGGTTTGGATGGG 1143826 21464

CNI04370F AGCGGCTACAGCAAAAGCGA 30620 1078 1166708 1084 HinfI

CNI04370R AACATGTCCGCCTCACCCAA 31697 1167791

CNJ00070F ATGGCGGAAGAGGCGTATGA 1016363 1153 14214 1135 HinfI

CNJ00070R CCTGTCCAGTGCGCATTTCG 1017515 15348

CNJ02920F TGGGGGAGAAAGGACATTGG 175236 1555 904610 1568 HinfI

CNJ02920R CAAATGCCGAGCTCCCTTC 176790 906177

CNK00170F AACATGGCATCTCCCCCCAA 1500435 1108 54380 1111 HinfI

CNK00170R TCGTGCTGACCATGCGGTTT 1501542 55490

CNK03410F TTTCGCCGCACCCCCTTTTT 1513810 1131 1002531 1125 HinfI

CNK03410R CCTCGCCGCCCAATAATTCA 1514940 1003655

CNL03990F CCCAGGCAGCCGAGGATG 787025 1497 95393 1487 HaeIII

CNL03990R GCTCGTCGTGACCAGAGGCG 785529 96879

CNL04620F TTCGTGGCGACAGGTTTTGGG 595892 1321 289852 1321 HindIII

CNL04620R TTCAGCGATGGGTTGAGGCA 597212 291172

CNL06810F TTAATGGACTGGGCAGATGCTCGTC 18019 868 894746 879 SacI

CNL06810R ATGTCTTCTCCCGCCCTTTTTGCC 18886 895624

CNM00180F GCTCAAGAACCATACCTGCTCAT 65845 1607 39248 1633 HincII

CNM00180R GGCGGCAGGTGACTTCAGTG 67451 40880

CNM02560F ATGGACGCTCTCACATTACCTTGC 757906 1491 776201 1493 AccI

CNM02560R ACGCTGCCCTCTCCCACAGTC 759396 777693

CNN00060F CCCAACCTCATCCCACCTC 40214 1223 18763 1228 XhoI

CNN00060R ACAGAACCCATTGAGCCCGA 41436 19990

CNN02060F TTGGAACAGGCCACTCGGAA 632500 1432 644695 1433 HaeIII

CNN02060R ACCGCCAAGGATTCTTGCGA 633931 646127
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Table S2: The position of hybrid spores that germinated on the spore chains, germination rates 

and the number of unique multi-locus genotypes found within individual basidia are shown here.   

 

Progeny Basidia Position Spores 

plated 

Spores 

germinated 

Germination 

rate (%) 

Number of unique 

multi-locus 

genotypes 

1 1 2 - 3 39 8 20.5  6 

2 
 

3 - 10     

3 
 

3 - 10     

4 
 

3 - 10     

5 
 

3 - 10     

6 
 

3 - 10     

7 
 

3 - 10     

8 
 

3 - 10     

9 2 1 - 3 31 9 29 5 

10 
 

1 - 3     

11 
 

1 - 3     

12 
 

3 - 5     

13 
 

5 - 6     

14 
 

5 - 6     

15 
 

7     

16 
 

7     

17 
 

8     

18 3 1 - 3 68 50 73.5 46 

19 
 

1 - 3     

20 
 

1 - 3     

21 
 

1 - 3     

296 
 

1 - 3     

22 
 

3 - 6     

23 
 

3 - 6     

24 
 

3 - 6     

25 
 

3 - 6     

26 
 

3 - 6     

27 
 

3 - 6     

28 
 

3 - 6     

29 
 

3 - 6     

30 
 

3 - 6     

31 
 

6 -7     
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32 
 

6 -7     

33 
 

7 - 9     

34 
 

7 - 9     

35 
 

7 - 9     

36 
 

7 - 9     

37 
 

7 - 9     

38 
 

7 - 9     

39 
 

7 - 9     

40 
 

9 - 11     

41 
 

9 - 11     

42 
 

9 - 11     

43 
 

9 - 11     

44 
 

9 - 11     

45 
 

9 - 11     

46 
 

9 - 11     

47 
 

9 - 11     

48 
 

9 - 11     

49 
 

9 - 11     

50 
 

12 - 18     

51 
 

12 - 18     

52 
 

12 - 18     

53 
 

12 - 18     

54 
 

12 - 18     

55 
 

12 - 18     

56 
 

12 -15     

57 
 

12 -15     

58 
 

12 -15     

59 
 

12 -15     

60 
 

12 -15     

61 
 

12 -15     

62 
 

12 -15     

63 
 

15 - 17     

64 
 

15 - 17     

65 
 

15 - 17     

66 
 

15 - 17     

67 4 1 - 4 39 9 23.1 9 

68 
 

1 - 4     

69 
 

1 - 4     
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70 
 

1 - 4     

71 
 

1 - 4     

72 
 

4 - 7     

73 
 

4 - 7     

74 
 

8     

75 
 

9 - 10     

76 5 1 - 2 25 13 52 13 

77 
 

1 - 2     

78 
 

2- 7     

79 
 

2- 7     

80 
 

2- 7     

81 
 

2- 7     

82 
 

2- 7     

83 
 

2- 7     

84 
 

2- 7     

85 
 

2- 7     

86 
 

2- 7     

87 
 

2- 7     

88 
 

2- 7     

89 6 1 - 2 43 13 30.2 13 

90 
 

2     

91 
 

3 - 6     

92 
 

3 - 6     

93 
 

3 - 6     

94 
 

9 - 12     

95 
 

6 - 11     

96 
 

6 - 11     

97 
 

6 - 11     

98 
 

6 - 11     

99 
 

6 - 11     

100 
 

6 - 11     

101 
 

6 - 11     

102 7 1 28 2 7.1 2 

103 
 

4 - 6     

104 8 1 - 11 58 17 29.3 16 

105 
 

1 - 11     

106 
 

1 - 11     

107 
 

1 - 11     
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108 
 

1     

109 
 

3     

110 
 

4 - 6     

111 
 

4 - 6     

112 
 

4 - 6     

113 
 

4 - 6     

114 
 

6 - 8     

115 
 

6 - 8     

116 
 

8 - 10     

117 
 

8 - 10     

118 
 

8 - 10     

119 
 

10 - 12     

120 
 

10 - 12     

121 9 1 - 7 69 28 40.6 18 

122 
 

1 - 7     

123 
 

1 - 7     

124 
 

1 - 7     

125 
 

1 - 7     

126 
 

1 - 7     

127 
 

1 - 7     

128 
 

1 - 7     

129 
 

1 - 7     

130 
 

1 - 7     

131 
 

1 - 7     

132 
 

7 - 9     

133 
 

7 - 9     

134 
 

7 - 9     

135 
 

7 - 9     

136 
 

7 - 9     

137 
 

10 - 17     

138 
 

10 - 17     

139 
 

10 - 17     

140 
 

10 - 17     

141 
 

10 - 17     

142 
 

10 - 17     

143 
 

10 - 17     

144 
 

10 - 17     

145 
 

10 - 17     
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146 
 

10 - 17     

147 
 

10 - 17     

148 
 

17 - 20     

149 10 1 - 4 62 6 9.7 6 

150 
 

8 - 14     

151 
 

8 - 14     

152 
 

8 - 14     

153 
 

8 - 14     

154 
 

14 - 17     

155 11 1 - 3 52 7 13.5 6 

156 
 

4 - 6     

157 
 

1 - 20     

158 
 

1 - 20     

159 
 

1 - 20     

160 
 

6 - 7     

161 
 

11 - 12     

162 12 1 - 5 32 9 28.1 8 

163 
 

1 - 5     

164 
 

1 - 5     

165 
 

1 - 5     

166 
 

5 - 7     

167 
 

5 - 7     

168 
 

5 - 6     

169 
 

5 - 8     

170 
 

9 - 10     

171 13 6 - 8 39 3 7.7 3 

172 
 

6 - 8     

173 
 

13     

174 14 1 - 4 71 18 25.4 13 

175 
 

1 - 4     

176 
 

1 - 4     

177 
 

1 - 4     

178 
 

1 - 4     

179 
 

4 - 6     

180 
 

6 - 8     

181 
 

8 - 10     

182 
 

8 - 10     

183 
 

10     
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184 
 

10     

185 
 

11 - 13     

186 
 

11 - 13     

187 
 

11 - 13     

188 
 

11 - 13     

189 
 

15 - 19     

190 
 

15 - 19     

191 
 

15 - 19     

192 15 1 - 3 66 19 28.8 19 

295 
 

3 - 4     

193 
 

4     

194 
 

4     

195 
 

5 - 6     

196 
 

5 - 6     

197 
 

6 - 9     

198 
 

6 - 9     

199 
 

6 - 9     

200 
 

6 - 9     

201 
 

6 - 9     

202 
 

10 - 14     

203 
 

10 - 14     

204 
 

10 - 14     

205 
 

10 - 14     

206 
 

10 - 14     

207 
 

10 - 14     

208 
 

10 - 14     

209 
 

14 - 16     

210 16 1 - 9 69 14 20.3 10 

211 
 

1 - 9     

212 
 

1 - 9     

213 
 

1 - 9     

214 
 

1 - 9     

215 
 

1 - 9     

216 
 

1 - 9     

217 
 

1 - 9     

218 
 

1 - 9     

219 
 

9 - 14     

220 
 

15 – 19     
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221 
 

15 – 19     

222 
 

15 – 19     

223 
 

15 – 19     

224 17 5 59 5 8.5 5 

225 
 

8     

226 
 

5 - 6     

227 
 

9 - 12     

228 
 

9 - 12     

229 18 1 - 3 71 16 22.5 16 

230 
 

1 - 3     

231 
 

4 - 5     

232 
 

5 - 6     

233 
 

5 - 6     

234 
 

5 - 6     

235 
 

6 - 10     

236 
 

6 - 10     

237 
 

6 - 10     

238 
 

6 - 10     

239 
 

6 - 10     

240 
 

6 - 10     

241 
 

10 - 16     

242 
 

10 - 16     

243 
 

10 - 16     

244 
 

16 - 17     

245 19 3 - 4 69 13 18.8 10 

246 
 

5 - 6     

247 
 

6 - 7     

248 
 

7 - 8     

249 
 

9 - 10     

250 
 

7 - 11     

251 
 

7 - 11     

252 
 

7 - 11     

253 
 

11 - 15     

254 
 

11 - 15     

255 
 

11 - 15     

256 
 

11 - 15     

257 
 

11 - 13     

258 20 1 - 4 70 38 54.3 38 
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259 
 

1 - 4     

260 
 

1 - 4     

261 
 

1 - 3     

262 
 

1 - 3     

263 
 

1 - 3     

264 
 

3 - 7     

265 
 

3 - 7     

266 
 

3 - 7     

267 
 

3 - 7     

268 
 

3 - 7     

269 
 

3 - 7     

270 
 

3 - 7     

271 
 

3 - 7     

272 
 

3 - 6     

273 
 

3 - 6     

274 
 

7 - 10     

275 
 

7 - 10     

276 
 

7 - 10     

277 
 

7 - 10     

278 
 

7 - 10     

279 
 

7 - 10     

280 
 

7 - 10     

281 
 

7 - 10     

282 
 

11 - 12     

283 
 

11 - 12     

284 
 

11 - 12     

285 
 

11 - 12     

286 
 

13 - 16     

287 
 

13 - 16     

288 
 

13 - 16     

289 
 

13 - 16     

290 
 

13 - 16     

291 
 

13 - 16     

292 
 

13 - 16     

293 
 

13 - 16     

294 
 

13 - 16     

297 
 

13 - 16     
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Chapter 8 

 

Conclusions 

 

8.1 Conclusions and Perspectives   

This body of work that constitutes my PhD thesis makes several contributions to 

expanding our knowledge on yeast biology, including their global distribution in soil 

and the genetics of the infectious yeasts, C. neoformans and C. deneoformans.  

The association between rainfall and biodiversity is well documented in soil microbial 

communities which is thought to be mediated via the soil organic carbon content 

(Maestre et al. 2015). Previous metagenomics studies have identified precipitation and 

soil moisture as determinants of global soil fungal diversity (Egidi et al. 2019; 

Tedersoo et al. 2014). Due to the lack of a yeast-specific signature in the fungal 

barcoding gene, high throughput sequencing approaches failed to separate yeasts from 

other fungi, making it unclear the extent to which overall conclusions apply to this 

small group of organisms that make up less than 1% of the fungal kingdom. In chapter 

2, I identified a significant positive correlation between mean annual precipitation and 

culturable soil yeast diversity worldwide. A key question is how richness, structure 

and composition of soil microbial communities would respond to altered precipitation 

patterns brought on by climate change. Researchers have already linked changes in 

biomass, stability, biotic interactions, and carbon utilization of soil microbial 

communities to alterations in precipitation (Hu et al. 2020; Maestre et al. 2015; De 

Vries and Shade 2013; Zhou, Wang, and Luo 2018). Microbial communities are 

incredibly complex and any responses to climate change and associated drivers are 

likely to be multifaceted. Temporal investigations in different biomes that experience 

perturbed rainfall patterns to different extents are needed to identify how soil yeasts 

worldwide will be affected by altered precipitation patterns and extreme rainfall or 

drought events.  
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Another anthropogenic activity with high impact on ecosystems, specifically on 

microbes and infectious diseases, is international travel. In chapter 3, I investigated 

the genetic structure of a largely clonal, novel C. deneoformans population discovered 

in Saudi Arabian desert soil. Its clonal nature points to it having been a recent 

introduction to the region, rather than being an ancestral population of C. 

deneoformans. In the literature reviews presented in chapters 5 and 6, I summarized 

the evidence that points to AD hybrids (C. neoformans x C. deneoformans) arising 

from a few, independent hybridization events followed by global dispersal, likely 

facilitated by intercontinental human movement. Following the breakup of the 

supercontinent Pangea, C. deneoformans is believed to have evolved in the 

Mediterranean Europe while its sister species C. neoformans continued to diverge and 

evolve in Africa (Casadevall et al. 2017). The existence and increasing prevalence of 

AD hybrids suggest that the two previously isolated sister species are being brought 

back into contact. In chapter 2, anthropogenic travel was directly implicated when a 

significant correlation was found between volume of air travel and the number of 

shared yeast species between countries.  

International travel has grown at an unprecedented rate over the last century with the 

current COVID-19 pandemic being a testament to the crucial role played by human 

mobility in the global spread of infectious diseases. In recent history, several fungal 

pathogens that have dealt devastating blows to host populations have been aided by 

human movement in their global spread. Batrachochytrium dendrobatidis, the 

causative fungus of chytridiomycosis, the worst panzoonotic to date, is believed to 

have originated in the Korean peninsula, with its spread coinciding with the global 

expansion of commercial trades in amphibians (O’Hanlon et al. 2018). Human 

migration has been posited as a possible explanation for the rapid, global spread of the 

multidrug-resistant, superbug yeast Candida auris (Chow et al. 2020). Findings of 

chapter 2 reaffirmed soil as a primary reservoir of pathogenic yeasts such as 

Cryptococcus and other Candida species, which are also capable of benefiting from 

anthropogenic influences on their habitats. Alternations in their natural habitats could 

lead to them outgrowing their competition to become threats to global public health. 

Phylogeographic analyses using whole genome sequences could provide more 
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conclusive answers on the origin and spread of these yeasts. There is a distinct lack of 

whole genome sequences available for most of these yeast pathogens: currently, only 

three, full C. deneoformans genomes are publicly available on NCBI. Future research 

would significantly benefit from investing more on whole genome sequences of yeast 

pathogens which could provide decision makers with compelling evidence to act 

before they grow into global threats.  

Hybridization is a widespread phenomenon in all domains of life and a driving force 

in the evolution of species. With anthropogenic activity playing a major role in 

reacquainting previously separated species, hybridization and resulting hybrid 

progeny are becoming more apparent in the environment. Outcomes of hybridization 

primarily depend on the genetic differentiation of parental genomes and resulting 

genomic, cellular and/or physiological incompatibilities. In chapter 7, I provided 

evidence for biased, genome-wide allele distributions in AD hybrids, which point to 

each parent having co-adapted alleles that are no longer compatible with those from 

the other parent. This supports the classification of the parents into two separate 

species, rather than varieties of one species complex (Hagen et al. 2015; Kwon-Chung 

et al. 2017). Previous studies on virulence of AD hybrids have reported conflicting 

results with some reporting hybrid vigour while others find hybrids to underperform 

compared to parents (reviewed in chapters 5 and 6). As shown in chapter 7, a single in 

vitro mating event was capable of generating an incredible amount of genetic diversity 

among progeny strains. A previous study conducted in our lab found a wide, 

quantitative range in melanin production, capsule production and thermotolerance in a 

lab-derived AD hybrid population with some displaying transgressive phenotypes 

(Vogan et al. 2016). Quantifying the expression of virulence factors, as well as 

measuring virulence using mouse models or waxworm models, of our AD hybrid 

population would provide a more complete picture of the mechanisms and outcomes 

of hybridization between C. neoformans and C. deneoformans. 

The intricate genetic networks underlying the virulence phenotypes in C. neoformans 

and C. deneoformans are key contributors to the wide quantitative range of 

phenotypes observed among their hybrid progeny. In chapter 4, I identified six 

quantitative trait loci (QTL) contributing to variation in melanin production among a 
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lab-derived F1 population of C. deneoformans. While previous studies have identified 

genes involved in melanin synthesis and its regulation, only two have attempted to 

identify genes contributing to quantitative melanin variance observed among strains 

(Roth et al. 2021; Vogan et al. 2016). The gene encoding LAC1¸the one enzyme that is 

essential for melanin biosynthesis, was not identified as a melanin QTL in our study. 

A LAC1 allele swap incorporating three amino acid changes between phenotypically 

dissimilar strains also failed to alter melanin production in the transformed strain. 

However, each of the six melanin QTLs we identified showed significant differences 

in expression between the two parental strains used to generate the F1 population. 

Taken together, our findings suggest that different genes play key roles in determining 

whether melanin is produced, and how much melanin is produced in C. deneoformans. 

Gene knockout experiments of the six QTLs should be conducted to determine their 

role in melanin synthesis and any other phenotypes. The wide range of melanin 

phenotypes observed among the F1 population suggests that many more QTLs remain 

to be identified. Backcrossing select progeny to parents for several generations prior 

to whole genome sequencing can eliminate some of the background genetic diversity 

and help to narrow down the number of potential loci.   

As discussed in chapter 4, we were the first group to apply the bulk segregant analysis 

(BSA) approach in a Cryptococcus species. BSA is commonly used in plant and 

Saccharomyces cerevisiae research in identifying QTLs contributing to phenotypic 

variance of industrial and pathogenic significance (Phadke et al. 2018; Wang et al. 

2019; Wilkening et al. 2014; Yang et al. 2021). While whole genome sequencing of 

individual strains can generate a large amount of useful data, it is often more costly 

and requires more computational power and bioinformatics skills for effective 

execution. Pooling DNA of strains with similar, extreme phenotypes, as done in BSA, 

can in fact aid in highlighting contributory genes while masking background genetic 

noise. The protocol I developed to perform BSA and my findings from chapter 4 can 

guide and inform future investigations using BSA in C. deneoformans.  

Overall, my PhD thesis provided a broad overview of global soil yeast epidemiology 

before delving deeper into the genetics and virulence phenotypes of the infectious 

yeast, C. deneoformans. My work adds to our existing knowledge of yeast biology 
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while providing novel insights into how yeast communities and infectious yeasts 

might respond to ongoing changes in their environments that are largely driven by 

anthropogenic activities. My work has identified evidence gaps and laid the 

foundation for future investigations to advance our understanding of global yeast 

diversity, hybridization, molecular genetics, and virulence.  
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